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A.  Description  of  the  Technical  Research  or  Development  Goals:  This  grant  helped  to 
underwrite  the  publication  expenses  associated  with  the  Twelfth  Solid  Freeform  Fabrication 
(SFF)  Symposium.  The  symposium  took  place  on  August  6-8,  2001  in  Austin,  Texas  at  the 
University  of  Texas. 

It  included  papers  on  computer  interfaces  with  SFF,  materials  processing  and  properties 
associated  with  SFF  and  machine  design  and  requirements  for  SFF. 

R.  Significant  Research  or  Development  Results  Dining  the  Past  Year:  The  Twelfth  Solid 
Freeform  Fabrication  Symposium,  held  at  The  University  of  Texas  in  Austin  on  August  6-8, 

2001,  was  attended  by  over  125  national  and  international  researchers.  Papers  addressed  SFF 
issues  in  computer  software,  machine  design,  materials  synthesis  and  processing,  and  integrated 
manufacturing.  A  total  of  78  presentations  were  made,  61  oral  presentations  and  17  poster 
presentations.  Of  these,  69  are  included  in  the  proceedings  volume.  The  diverse  domestic  and 
foreign  attendees  represented  industrial  users,  SFF  machine  manufacturers,  universities,  and 
government.  The  attendance  was  up  this  year  from  previous  years.  The  Symposium  organizers 
look  forward  to  its  being  a  continuing  forum  for  technical  exchange  among  the  expanding  body 
of  researchers  involved  in  SFF. 

The  Symposium  was  again  organized  in  a  manner  to  allow  the  multi-disciplinary  nature 
of  the  SFF  research  to  be  presented  coherently,  with  various  sessions  emphasizing  computer 
issues,  machine  topics,  and  the  variety  of  materials  aspects  of  SFF.  The  three-day  event  was 
completely  composed  of  individual  oral  presentations  (no  panel  discussions/presentations)  to 
accommodate  the  demand  for  this  dissemination  format.  The  afternoon  parallel  sessions  were 
split  into  two  sessions,  and  the  poster  session  was  reduced  to  give  preference  to  presenters 
desiring  to  give  oral  presentations  at  the  meeting.  We  believe  that  documenting  the  constantly 
changing  state  of  SFF  art  as  represented  by  these  Proceedings  will  serve  both  the  people 
presently  involved  in  this  fruitful  technical  area  as  well  as  the  large  flux  of  new  researchers  and 
users  entering  the  field.  This  year  is  the  second  year  of  production  of  a  CD  proceedings. 
Available  in  November  2001,  this  medium  allows  enhancements  such  as  higher  resolution 
photos  and  figures,  color  presentation  and  whole-document  searching  in  place  of  a  keyword 
index.  The  attendee  list  is  included,  and  the  table  of  contents  has  hyperlinks  to  the  articles.  Page 
numbering  is  sequential  to  facilitate  citation.  A  hard-copy  print-out  of  the  entire  document  is 
also  available  to  those  desiring  that  format. 

The  Organizing  Committee  hosted  a  special  morning  plenary  session  on  the  State  of  SFF. 
Five  keynote  talks  were  given  by  world  experts.  Joe  Beaman  (U  Texas)  gave  a  historical 
perspective,  Ely  Sachs  (MIT)  talked  about  SFF  in  manufacturing,  Phill  Dickens  (De  Montfort  U, 
now  Loughborough  U)  spoke  on  integration  of  SFF  into  the  design  process,  Kevin  Lyons  (NIST) 
gave  a  presentation  on  computational  issues  in  SFF  and  Fritz  Prinz  (Stanford  U)  wrapped  up 
with  a  presentation  on  the  Future  of  SFF. 

We  are  pleased  to  report  that  the  SFF  Symposium  attracted  a  large  number  of  young 
scientists  this  year.  We  had  42  students  attend  this  year,  almost  30%  of  the  entire  naeeting. 
Participants  represented  38  universities  (13  international  universities),  24  industries  (8 
international)  and  6  national  labs  and  government  agencies.  The  Organizing  Committee  has 
always  valued  the  role  of  technical  meetings  as  a  venue  for  graduate  students  in  research.  We 
strive  to  make  the  conference  affordable  and  therefore  accessible  to  students.  The  2001  meeting 
registration  cost  of  $100  for  students  reflected  this.  Non-student  cost  was  $350. 

Information  on  the  SFF  Symposium  was  made  available  through  the  worldwide  web  at 
http://lff.me.utexas.edu/.  On-line  registration  forms,  hotel  information,  general  information 


brochure,  proceedings  order  forms,  maps,  and  previous  years’  talk  titles  are  all  available.  The 
symposium  email  address  is  sffsymp@uts.cc.utexas.edu. 


C.  Plans  for  Next  Year’s  Research  or  Development:  Plans  are  currently  underway  for 
organization  of  the  Thirteenth  Solid  Freeform  Fabrication  Symposium.  The  dates  are  tentatively 
August  5-7, 2002. 
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Symposiiun  held  in  Austin,  Texas  on  August  6-8,  2001 
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PREFACE 


The  Twelfth  Solid  Freeform  Fabrication  (SPT)  Symposium,  held  at  The  University  of  Texas 
in  Austin  on  August  6-8,  2001,  was  attended  by  over  130  national  and  international  researchers. 
Papers  addressed  SFF  issues  in  computer  software,  machine  design,  materials  synthesis  and 
processing,  and  integrated  manufacturing.  The  diverse  domestic  and  foreign  attendees  included 
industrial  users,  SFF  machine  manufacturers,  university  researchers  and  representatives  from  the 
government.  The  Symposium  organizers  look  forward  to  its  being  a  continuing  forum  for  technical 
exchange  among  the  expanding  body  of  researchers  involved  in  SFF. 

A  special  plenary  session  on  the  state  of  SFF  was  organized  to  present  overview  talks  on 
various  aspects  of  the  field.  Invited  speakers  were  Joseph  Beaman  (University  of  Texas)  who  gave 
a  historical  perspective,  Emanuel  Sachs  (MIT)  who  related  SFF  to  manufacturing,  Phill  Dickens 
(DeMontfort  University)  who  gave  a  presentation  on  the  role  of  SFF  in  design,  Kevin  Lyons 
(NIST)  who  spoke  on  software  developments  and  Fritz  Prinz  (Stanford)  who  discussed  the  future 
of  SFF. 


The  Symposium  was  again  organized  in  a  manner  to  allow  the  multi-disciplinary  nature  of 
the  SFF  research  to  be  presented  coherently,  with  various  sessions  emphasizing  modeling,  process 
development,  and  materials.  We  believe  that  documenting  the  changing  state  of  SFF  art  as 
represented  by  these  Proceedings  wiU  serve  both  those  presently  involved  in  this  fruitful  technical 
area  as  well  as  new  researchers  and  users  entering  the  field. 

The  papers  are  stored  individually  on  the  CD  in  pdf  format  by  primary  author  last  name,  and 
Adobe®  Acrobat®  Reader™  installers  for  the  Macintosh  (OS  9.x)  and  PC  (Windows  2000)  are 
included  which  may  be  used  to  view  and  search  the  pdf  files.  The  Table  of  Contents  file  has  links  to 
all  the  papers.  We  have  sequentially  numbered  the  pages  of  the  papers  to  facilitate  citation.  Some 
versions  of  Reader™  do  not  have  search  capabilities  which  are  necessary  to  keyword  search  the 
SFF  Symposium  Proceedings.  If  you  have  problems  with  searching,  you  might  consider  installing 
the  version  of  Reader^"^  from  the  CD.  The  Adobe  website  (http;//www.adobe.com/)  also  has 
versions  of  Acrobat  Reader  which  may  be  downloaded  free  of  charge. 

The  editors  would  like  to  extend  a  warm  “Thank  You”  to  Rosalie  Foster  for  her  detailed 
handling  of  the  logistics  of  the  meeting  and  the  Proceedings,  as  well  as  her  excellent  performance  as 
registrar  and  problem  solver  during  the  meeting.  We  would  like  to  thank  the  Organizing 
Committee,  the  session  chairs,  the  attendees  for  their  enthusiastic  contributions,  and  the  speakers 
both  for  their  significant  contribution  to  the  meeting  and  for  the  relatively  prompt  delivery  of  the 
manuscripts  comprising  this  volume.  We  look  forward  to  the  continued  close  cooperation  of  the 
SFF  community  in  organizing  the  Symposium.  We  also  want  to  thank  the  Office  of  Naval 
Research  (NOOO 14-01 -1-0637)  and  the  National  Science  Foundation  (DMI-0 117072)  for 
supporting  this  meeting  financially.  The  meeting  was  co-organized  by  the  University  of 
Connecticut  at  Storrs,  and  the  Mechanical  Engineering  Department,  Laboratory  for  Freeform 
Fabrication  and  the  Texas  Materials  Institute  at  The  University  of  Texas  at  Austin. 

The  editors. 
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Abstract 

Electrically  conductive  channels  were  created  using  conductive  carbon  cement  (CCC)  by 
a  simple  non-contact  continuous  deposition  method  on  sintered  DuraForm^^  Polyamide  parts. 
The  deposition  system  consisted  of  a  drive  circuit,  a  Micro  Inert  Solenoid  Valve  (MIV),  a  nozzle 
head  and  two  liquid  material  reservoirs.  Effect  of  CCC/solvent  ratio,  speed  of  deposition  head 
and  sintering  condition  of  the  Polyamide  base  material  on  the  electrical  properties  of  the 
conductive  channels  were  investigated.  The  paper  will  then  go  on  to  discuss  how  these  results 
relate  to  potential  applications  of  Selective  Laser  Sintering  (SLS)  components  with  electrical 
property. 

Keywords:  SLS;  electrically  conductive  channels;  non-contact  deposition 

1.  Introduction 

SLS  is  a  rapidly  developing  technology  and  its  applications  are  no  longer  limited  to 
conceptual  testing  but  it  is  also  used  in  building  functional  prototypes  and  even  for  rapid 
manufacturing  [1,2].  Traditionally,  commercial  SLS  only  produces  models  with  single  materials 
or  homogeneous  mixtures.  Previous  work  has  demonstrated  that  it  is  possible  to  create  SLS 
prototypes  with  different  properties  in  desired  positions.  Ling  and  Gibson  [3]  tried  to  create 
colour  RP  components  in  which  a  secondary  material,  i.e.  colour  ink,  was  delivered.  In  view  of 
this,  if  an  electrically  conductive  material  is  chosen  as  the  secondary  material,  it  is  possible  to 
create  SLS  components  with  electrically  conductive  channels.  In  this  study.  Commercial  Leit- 
CCC™  (Conductive  Carbon  Cement)  was  chosen  as  the  secondary  material  in  creating  the 
electrically  conductive  channels.  A  non-contact  deposition  method  has  been  developed  for 
deUvering  the  CCC  and  it  will  be  introduced  in  tiiis  paper. 


Since  SLS  parts  are  porous,  it  is  possible  for  CCC  to  infiltrate  through  the  layers  of  a  SLS 
component.  One  possible  advantage  of  the  phenomenon  is  that  a  conductive  channel  can  be  built 
through  the  layers.  On  the  other  hand,  diffusion  of  CCC  may  adversely  affect  the  electrical 
properties  of  the  conductive  channels  within  the  layer.  Previous  study  has  shown  that  penetration 
of  CCC  into  polyamide  substrate  at  high  temperature  increased  the  resistance  of  CCC  channels 
[4].  Apart  from  temperature,  other  parameters  such  as  ink  composition,  feed  rate  of  ink  as  well  as 
porosity  of  the  SLS  component  will  all  have  an  effect  on  the  performance  of  the  conductive 
chamiels.  The  objective  of  this  study  is  to  investigate  the  effects  of  ink  concentration,  deposition 
speed  and  the  sintering  condition  of  base  material  on  the  resistance  of  the  CCC  channels  created 
on  sintered  DuraFomr  ^  Polyamide.  Finally,  some  potential  applications  of  SLS  components 
with  electrical  property  will  also  be  discussed. 
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2.  Experimental 
2.1  Materials 

Commercial  Leit-CCC^^(Conductive  Carbon  Cement)  was  used  as  the  primary 
ingredient  for  formulating  the  electrically  conductive  ink  used  to  create  the  electrically 
conductive  channels.  A  typical  composition  of  CCC  consists  of  graphite,  acrylic  and  organic 
solvents  in  which  graphite  is  the  conductive  ingredient  while  acrylic  serves  as  a  binder.  The 
organic  solvents  include  acetone,  methoxypropylacetate,  xylene  and  butylacetate.  Thinner  was 
added  to  lower  the  viscosity  of  the  conductive  ink  and  extra  amount  of  graphite  powder  was 
added  to  enhance  the  conductive  nature  of  the  ink.  Four  compositions  of  the  ink  were  tested  in 
this  study  and  the  details  are  shown  in  Table  1.  The  substrates,  onto  which  the  conductive 
channels  were  deposited,  were  sintered  from  DuraForm^^  Polyamide,  Fig.  1,  which  has  a 
melting  point  of  184°C  [5]. 


Table  1  Compositions  of  the  blended  conductive  ink 


Type 

CCC/graphite 

ratio 

Paint*/thinner° 

ratio 

I 

'/2 

1/3 

II 

‘/2 

1/5 

III 

*/2 

1/7.5 

IV 

‘/2 

1/10 

*Paint:  mixture  of  commercial  CCC  and  graphite  powder 
'^thinner:  mixture  of  organic  solvents  xylene, 
methoxypropylacetate,  acetone  and  butylacetate  in  equal  weight. 


Polyamide 


2.2  Sintering  of  DuraForm^  Polyamide  substrates 

The  sintering  process  was  carried  out  using  a  DTM  Sinterstation^^  2000.  The  sintering 
condition  can  be  varied  by  the  fill  laser  power  (P),  beam  speed  (BS),  scan  spacing  (SCSP)  and 
the  part  bed  temperature  (Tb).  When  studying  the  effects  of  ink  composition  and  deposition 
speed,  DuraFonn Polyamide  substrates  were  sintered  at  P  =  8%,  BS  =  1257.3mms'',  SCSP  = 
0.15mm  and  Tb  =  167°C.  The  value  of  P  was  lower  than  the  nominal  setting  but  was  still  chosen 
as  it  could  give  acceptable  physical  properties  for  creating  electrically  conductive  paths  in  SLS 
DuraFoimf'^  Polyamide  samples.  This  setting  gave  a  higher  porosity  than  the  normal  setting  but 
at  the  same  time,  the  part  was  strong  enough  for  handling.  In  studying  the  effect  of  sintering 
condition  of  DuraForm^^  Polyamide  substrates  on  the  performance  of  the  CCC  channels,  the 
sintering  process  was  carried  out  at  P  =  6%  to  16%  corresponding  to  ED  =  0.01  J/mm^  to  0.06 
J/mm^  according  to  the  equation  derived  by  Nelson  [6]. 
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2.3  Deposition  of  CCC 

An  experimental  non-contact  deposition  system  was  developed  for  depositing  the  conductive 
ink  (CCC)  onto  the  polyamide  substrates.  It  consists  of  a  typical  drive  circuit,  Fig.2,  a  Micro 
Inert  Solenoid  Valve  (MIV),  Fig.3,  a  nozzle  head  with  diameter  0.328mm  and  two  liquid 
material  reservoirs.  Fig.4  shows  a  schematic  diagram  of  the  set-up.  The  3-way  MIV  was 
operated  at  24Vdc. 


Fig.  2  Schematic  Diagram  of  the  typical  drive  circuit  Fig.  3  Micro  Inert  Solenoid  (MIV) 


pressure 

regulator 


Pipe 

(ID^  l.e7nn 
□  D:  2.29nn> 


(iquiol 

jet 


Fig.  4  Schematic  Diagram  of  non-contact  deposition  system 


Compressed  air  was  first  passed  through  a  pressure  regulator  before  entering  the 
conductive  ink  reservoir.  The  air  pressure  in  the  ink  reservoir  was  controlled  at  lOpsi.  The  CCC 
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was  squeezed  out  through  the  outlet  pipe  (internal  diameter  =  1 .27mm  and  external  diameter  = 
2.29mm)  and  then  through  the  3- way  MIV  which  was  controlled  by  the  typical  drive  circuit. 
Upon  energising  of  the  MIV  solenoid,  CCC  was  ejected  from  the  nozzle  head.  When  not 
energised,  CCC  was  collected  for  recycling.  The  nozzle  head  was  mounted  on  a  computer 
controlled  X- Y  plotter. 

For  a  constant  feed  rate  from  the  nozzle,  speed  of  movement  of  the  deposition  head  will 
affect  the  amount  of  ink  deposited  per  unit  length.  This  would  undoubtedly  affect  the  electrical 
properties  of  the  CCC  channels  created.  To  study  the  effect  of  deposition  head  speed.  Type  II  ink 
was  used.  For  the  X-Y  plotter,  100%  speed  setting  equals  to  lOlbmms''.  Five  deposition  head 
speed  settings  (10%,  30%,  50%,  80%  and  100%)  were  chosen  for  creating  the  CCC  channels  on 
the  base  material. 


2.4  Resistance  measurement  of  CCC  channels 

Resistance  of  the  CCC  channels  created  on  the  sintered  DuraForm^'^  Polyamide  substrates 
were  measured  using  a  multimeter.  The  two  electrodes  were  placed  on  the  surface  of  the 
channels  and  the  distance  between  the  electrodes  was  90mm.  Five  readings  were  taken  for  each 
measurement. 

2.5  Scanning  electron  microscopy  (SEM) 

The  SEM  was  conducted  on  a  Cambridge  Stereoscan  440  scanning  electron  microscope  at 
operating  voltages  below  20kV.  Specimens  were  dipped  into  liquid  nitrogen  before  they  were 
split  to  give  the  cross-sectional  views.  Samples  were  sputter  coated  with  gold-palladium  to  avoid 
charging. 

3  Results  and  Discussion 

3.1  Performance  of  the  non-contact  deposition  system 

Non-contact  deposition  methods  are  more  suitable  to  be  employed  during  the  SLS 
process  because  of  the  following  reasons.  In  order  to  avoid  curling,  the  chamber  temperature 
within  the  DTM  Sinterstation^'^  2000  is  high,  usually  at  the  melting  threshold  of  the  polymer 
powder  used  [5].  The  component  inside  the  chamber  is  in  a  soft  state  and  direct  contact  between 
the  deposition  head  and  the  component  will  easily  scratch  or  deform  the  component.  Meanwhile, 
non-contact  deposition  methods  can  preserve  the  original  surface  morphology  and  the  profile  of 
the  parts.  The  operation  of  a  non-contact  deposition  system  does  not  rely  on  the  physical  state  of 
the  material  on  which  CCC  is  being  deposited.  No  matter  the  base  material  is  in  solid  state  or 
molten  state,  non-contact  deposition  can  still  be  applied. 

Basically,  there  are  two  deposition  modes  for  non-contact  deposition,  namely,  continuous 
deposition  and  drop-on-demand  [7].  With  the  present  setup,  preliminary  experiments  had 
demonstrated  that  continuous  deposition  gave  a  promising  result  for  drawing  conduetive 
channels  of  simple  geometry  and  it  was  therefore  chosen  in  this  study.  However,  there  are  some 
problems  associated  with  the  setup.  The  liquid  Jet  emanating  from  the  nozzle  into  an  ambient  gas 
is  unstable  [8].  The  phenomenon  is  believed  to  be  associated  with  a  number  of  factors  such  as 
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fluctuation  of  air  pressure  in  the  ink  reservoir  and  the  intrinsic  property  such  as  viscosity  of  the 
ink.  Viscosity  tends  to  reduee  the  jet  breakup  rate  and  increase  the  droplet  size.  Apart  from  these, 
sedimentation  of  graphite  particles  ws  also  a  problem  but  this  could  be  solved  by  adding  a 
magnetic  stirrer  in  the  ink  reservoir. 


3.2  Effect  of  deposition  speed 

Fig.  5  shows  the  CCC  channels  ereated  on  DuraForm^^  Polyamide  substrates  at  different 
deposition  speeds.  When  the  deposition  speed  was  low,  CCC  channels  were  wider  as  more 
material  was  delivered  per  unit  length.  The  resistance  of  the  CCC  channels  was  fovmd  to  increase 
almost  linearly  with  the  deposition  speed,  Fig.  6.  This  is  probably  because  of  the  reduction  in  the 
cross-sectional  area  of  the  channels  deposited.  There  is  always  a  trade  off  between  the  electrical 
performance  and  the  geometric  requirement  of  the  CCC  channels.  Usually,  the  narrower  the 
CCC  channels,  the  higher  is  the  resistance.  Therefore,  deposition  speed  can  be  one  way  of 
varying  the  electrical  properties  of  a  conductive  channel  within  a  part. 


Fig.  5  Samples  of  CCC  channels  created  on  DuraForm* 
using  Type  n  conductive  ink  at  different  deposition  speeds 


Polyamide  sintered  at  0.0212J/nim^ 
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Fig.  6  Resistance  of  the  CCC  channels  created  at  different  deposition  speeds 


3.3  Effect  of  CCC/soIvent  ratio 

Variation  of  resistance  of  the  CCC  channels  created  from  Type  I,  II,  III  and  IV 
conductive  inks  is  shown  in  Fig.  7.  The  resistance  increased  when  the  paint/thinner  ratio 
decreased.  This  can  be  attributed  to  the  fact  that  when  the  paint/thinner  ratio  was  low,  there  were 
less  graphite  particles  in  the  conductive  ink.  This  could  also  be  seen  by  the  lighter  colour  of  CCC 
channels  created  from  inks  of  low  paint/thinner  ratio.  There  was  a  significant  increase  in 
resistance  when  the  paint  to  thinner  ratio  dropped  from  1/7.5  to  1/10.  This  suggests  that  further 
reduction  in  the  paint/thinner  ratio  would  greatly  affect  the  electrical  conductive  behaviour  of  the 
CCC  ehannels. 


Fig.  7  Variation  of  the  resistance  of  CCC  channels  created  using  different  compositions  of 
conductive  ink  on  DuraForm^'^^  Polyamide  substrate  built  under  ED  =  0.0212J/mm^,  ink 
deposition  speed  lOlbms*' 
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3.4  Effect  of  sintering  condition  of  the  base  material 

In  building  a  SLS  component  with  electrically  conductive  channels,  ink  composition  and 
method  of  deposition  of  CCC  are  certainly  not  the  only  considerations.  Since  SLS  parts  built 
under  different  laser  energy  densities  will  have  different  physical  densities,  this  effect  was 
studied  in  relation  to  the  process  of  creating  SLS  components  with  electrically  conductive 
channels.  Even  though  semi- crystalline  materials  like  DuraForm^^  Polyamide  have  a  limited 
range  of  usable  energy  density  values  in  terms  of  tensile  properties,  such  a  range  does  exist.  Also, 
parts  may  be  fabricated  using  smaller  energy  densities  in  selected  regions,  providing  suitable 
conditions  for  accommodating  conductive  materials.  The  variation  in  ED  values  and  the  effect  on 
CCC  channels  was  therefore  studied. 


Fi&  8  shows  the  SEM  micrographs  of  the  surface  and  cross-sectional  morphologies  of 
DuraFornr  ^  Polyamide  sintered  at  different  ED.  At  ED  =  0.0146J/mm^,  the  polymer  particles 
did  not  fuse  well  (Fig.  8a)  and  the  surface  morphology  resembled  that  of  unsintered  DuraForm^’^ 
Polyamide  (Fig.  1),  except  some  of  the  particles  were  slightly  fused  together.  In  this  case, 
penetration  of  CCC  through  the  layers  was  likely.  Fig.  9.  At  a  higher  ED,  better  fusion  of  the 
powder  was  observed  and  the  samples  were  less  porous.  A  layered  structure  was  observed  in  the 
cross-section  of  the  sample  built  under  ED  =  0.021 2 J/mm^  (Fig.  8b).  Nevertheless,  holes  were 
still  present  through  the  layers  and  penetration  of  CCC  might  still  be  possible.  However,  it  is 
difficult  to  distinguish  individual  layers  from  the  sample  processed  at  ED  =  0.0371  J/mm?  (Fig. 
8c)  and  penetration  of  CCC  is  highly  unlikely. 
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(C) 

Fig.  8  Surface  morphologies  (left)  and  cross-sectional  morphologies  (right)  of  DuraForm^"^ 
Polyamide  sintered  at  different  energy  densities:  a)  0.0146;  b)  0.0212  and  c)  0.0371  J/mm^ 


Fig.  9  Cross-section  of  DuraForm^*^  Polyamdie  substrate  sintered  at  ED  =  0.0212  J/mm^, 
showing  penetration  of  CCC 

The  variation  of  resistance  of  the  CCC  channels  deposited  on  DuraForm^^  Polyamide 
sintered  at  different  ED  is  shown  in  Fig.  10.  There  was  a  29.4%  drop  in  resistance  when  the  ED 
increased  from  0.016J/mm^  to  0.053 J/mm^.  This  is  related  to  the  ehange  of  morphology  of  the 
substrates  as  described  in  the  previous  paragraph.  At  low  ED,  the  porosity  of  the  sintered 
component  was  high.  Consequently,  CCC  would  penetrate  deeply  into  the  substrate  and  this 
would  adversely  affect  the  performance  of  the  conductive  channels. 
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Energy  Density  (J/mm^ 


Fig.lO  Variation  of  resistance  of  CCC  channels  created  on  DuraForm^^  Polyamide  sintered  at 
different  energy  densities,  ink  deposition  speed  1016mms'*,  conductive  ink  used:  Type  I 


3.5  Potential  applications  of  SLS  components  with  electrical  property 
EMI  shielding 

With  an  increasing  use  of  plastic  materials  in  electronic  product  design,  conductive 
coatings  for  EMI  shielding  has  become  an  important  potential  developing  field.  The  increase  in 
popularity  of  plastics  is  attributed  to  their  non-conductive  nature  and  the  fact  that  they  are 
transparent  to  electromagnetic  waves.  For  digital  electronic  products  manufactured  using  plastic 
enclosures,  conductive  coating  becomes  an  important  method  of  providing  EMI  shielding.  With 
further  development  of  the  non- contact  deposition  system  and  a  suitable  choice  of  conductive  ink, 
it  is  believed  that  plastic  enclosure  and  conductive  coating  can  be  built  at  one  time. 

Heating  elements  and  strain  gauges 

In  this  study,  conductive  ink  is  used  in  creating  electrically  conductive  channels  and  these 
channels  provide  a  passage  for  resistive  components  such  as  strain  gauges.  It  is,  however, 
believed  that  the  application  of  this  system  can  be  expanded  to  a  wider  area.  If  the  secondary 
materials  being  delivered  possess  different  heat  transfer  coefficients,  thermal  properties  of  the 
SLS  component  can  be  altered  as  well.  Heating  elements  can  be  built  in  any  desired  locations 
witiiin  the  component  by  depositing  materials  with  different  heat  transfer  properties. 

For  such  applications,  CCC  may  not  be  the  best  material  candidate.  The  main  concern  of 
this  study  is  to  examine  the  general  trend  of  the  effect  of  different  parameters  on  the  electrical 
performance  of  electrically  conductive  channels  rather  than  the  absolute  values  of  the  resistance 
measured.  In  this  aspect,  CCC  has  served  the  purpose.  It  may  be  necessary  to  deposit  other 
materials  with  different  electrical  properties  such  as  silver  ink  because  of  its  good  electrical 
conductivity.  Further  work  is  being  carried  out  to  improve  the  non-contact  deposition  system  as 
well  as  to  identifying  a  more  suitable  conductive  ink. 
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4  Conclusion 

The  setup  and  operation  of  a  simple  non-contact  deposition  method  was  described.  With 
further  development  of  the  system,  it  is  possible  to  be  employed  during  the  SLS  process.  Effects 
of  CCC/solvent  ratio,  deposition  speed  and  morphology  of  the  base  material  on  the  resistance  of 
the  conductive  channels  were  evaluated.  It  was  found  that  too  a  low  CCC/solvent  ratio  would 
increase  the  resistance  of  the  CCC  channels.  In  addition,  a  lower  resistance  of  the  CCC  channels 
could  be  achieved  by  either  lowering  the  deposition  speed  or  sintering  the  polymer  substrate  at  a 
higher  ED.  Among  the  three  factors  that  affect  the  performance  of  the  CCC  channels, 
CCC/solvent  ratio  was  found  to  play  a  major  role  as  it  greatly  affected  the  resistance  of  the  CCC 
channels. 
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ABSTRACT 

This  paper  aims  to  demonstrate  the  design  process  of  an  integrated  five-axis  Laser-Based 
Material  Deposition  (LBMD)  system  for  rapid  prototyping  application.  Several  design 
evaluation  methods  are  selected  and  applied  to  the  design  of  the  system.  A  three-dimensional 
graphical  simulation  software  package  was  used  as  a  decision  making  aid  and  as  an  analysis  tool 
in  the  design  process.  Hardware  integration  of  a  five-axis  computer  numerical  controlled  (CNC) 
vertical  milling  machine,  a  2.5  KW  Nd:YAG  laser  and  a  linear  table  is  discussed.  A  brief 
introduction  to  the  system  software  and  control  architecture  is  also  summarized.  Some  important 
design  issues  and  considerations  specific  to  Laser  Based  Material  Deposition  process  are 
suggested. 

Keywords:  Design  methodology,  System  Design  and  Integration,  System  Simulation,  Laser 
Based  Material  Deposition,  Collision  Detection,  Tool  Path  Verification 


1.  INTRODUCTION 

Since  the  introduction  of  the  first  commercial  stereolithography  apparatus  in  1986,  many 
rapid  prototyping  (RP)  systems  have  been  developed  for  the  ever  growing  industrial  demands  for 
shorter  product  development  cycle  time  and  at  significantly  reduced  costs  [1],  Most  of  the 
commercial  RP  units  at  that  time  however,  were  either  limited  to  non-metal  fabrication  with 
minimal  accuracy  and  precision  or  constraint  to  produce  relatively  simple  parts  for  physical 
visualization  of  design  concepts.  Some  of  the  developing  systems  were  capable  of  producing 
direct  metal  prototypes.  However,  the  commercial  units  still  require  polymer  RP  molds  from 
which  metal  castings  are  formed  [2]. 

The  increasing  complexity  of  certain  parts  geometry  imposed  by  many  advanced 
applications  making  the  production  of  highly  accurate  functional  model  directly  from  CAD  data 
very  difficult  or  impossible  using  the  available  RP  systems.  Arising  from  this,  many  systems 
have  been  proposed.  The  LENS  (Laser-Engineered  Net  Shaping)  process  has  demonstrated  the 
feasibility  to  produce  near  net  shape  metal  part  [3,4].  Others  have  tried  to  utilize  the  existing 
laser  cladding  technique,  an  established  laser  surface  coating  of  metallic  parts,  to  produce  metal 
parts  by  layer  additive  approach  [2,5]. 
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This  paper  describes  the  design  and  integration  process  at  the  early  development  stage  of 
a  Laser  Based  Material  Deposition  process  at  the  University  of  Missouri-Rolla,  USA.  A  few 
design  evaluation  methods,  including  a  graphical  simulation  software  were  employed  to  assist  in 
decision  making.  The  LBMD  system  consists  of  a  5-axis  CNC  machine,  Nd:YAG  laser  and  a 
linear  table  put  together  to  work  as  an  integrated  system. 


2  DESIGN  AND  INTEGRATION  PROCESS 

A  survey  on  Laser  Based  Material  Deposition  was  conducted  in  order  to  understand  the 
process  and  other  related  issues  [6].  Three  design  concepts  were  proposed  as  shown  in  figure  1, 
figure  2  and  figure  3.  The  first  design  as  shown  in  figure  1,  integrates  a  3-axis  CNC  milling  (X,Y 
and  Z),  a  2-axis  rotary  table  (tilting  about  X,  rotating  about  Z)  and  a  single  axis  linear  actuator 
(slide  up  and  down  along  Z  axis)  that  carries  the  laser  and  powder  delivery  nozzle.  A  rigid 
support  structure  is  constructed  above  and  spans  across  the  CNC  assembly.  The  laser  powder 
nozzle  is  attached  to  this  support  bar.  This  design  concept  provides  a  stable  and  rigid  support  for 
laser  and  powder  assembly  and  thus  minimizes  vibration. 


Laser  Nozzle 


Figure  1  :  Design  Concept  I.  Figure  2:  Design  Concept  II. 

In  design  concept  II  as  shown  in  Figure  2,  a  different  design  concept  is  proposed.  The 
laser  and  powder  delivery  nozzle  is  attached  to  the  CNC  machine  head  assembly  besides  the 
machine  spindle.  This  design  integrates  a  3-axis  CNC  milling  machine,  2-axis  rotary  table  and  a 
single  axis  laser  and  powder  nozzle.  No  support  structure  as  in  design  I  need  to  be  constructed. 
Initially,  this  design  is  thought  to  be  better  because  it  eliminates  the  support  structure  for  the 
laser  and  powder  nozzle  and  does  not  require  additional  motion  axis  for  the  system.  However, 
the  cost  of  putting  the  laser  nozzle  to  the  CNC  machine  head  assembly  will  be  significantly 
large.  Vibration  from  the  machine  spindle  during  machining  process  could  cause  misalignment 
of  laser  optic  just  next  to  it.  Laser  optics  are  also  exposed  to  contamination  from  metal  chips  and 
also  coolant.  Chances  of  collision  between  work  piece  and  the  machine  spindle  and  also  between 
work  piece  and  laser  nozzle  increases  during  rotation  or  tilting  of  work  piece. 

In  concept  Design  III  as  shown  in  Figure  3,  a  cantilevered  support  with  retraction  and 
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extension  arm,  where  laser  and  powder  nozzle  is  attached  to,  is  proposed  for  the  system.  The 
laser  and  powder  nozzle  can  be  extended  to  the  work  area  during  metal  deposition  and  they  can 
be  retracted  to  a  safe  location  during  machining  process.  This  feature  is  hoped  to  protect  the  laser 
optics  from  metal  chips  and  contaminants  within  the  vicinity  of  the  work  area.  However, 
accuracy  could  be  jeopardized  due  to  deflection  in  the  cantilever  arm  and  cumulative 
displacement  error  from  the  frequent  retraction  and  extension  of  the  cantilever  arm.  Also,  to 
have  this  feature,  two  linear  actuators  are  needed  and  considering  the  load  and  moment  the  beam 
will  carry,  achieving  a  higher  displacement  accuracy  (0.001”)  becomes  impossible.  With  the 
design  configuration  in  concept  design  III,  the  total  axis  of  control  would  be  increased  to  7.  This 
is  not  desirable  because  it  makes  integration  and  controls  of  the  system  more  complex. 
Synchronization  and  motion  control  of  all  the  individual  components  is  critical  to  part  quality. 
Therefore,  a  simple  system,  but  capable  of  good  motion  control  is  desirable. 


CNC  Machine 
Spindle 


Retracting  Arm 


Figure  3:  Design  Concept  III 


Two  methods  were  used  in  design  evaluation  process.  The  first  method  utilizes  concept 
evaluation  matrix  to  compare  each  design  to  a  selected  datum  concept.  This  method  provides 
three  levels  of  comparison:  “better  than  (+)  ”,  “the  same  as  (S)  ”  or  “less/worst  than  ( - )”  the 
datum.  A  set  of  evaluation  criteria  was  established.  Table  1,  Table  2  and  Table  3  shows  the 
evaluation  matrix  for  each  concept.  Based  on  this  evaluation,  design  concept  I  is  the  most 
feasible  option.  The  second  method  uses  a  scale  from  1  to  5  to  further  evaluate  the  design.  Table 
4  shows  the  scores  for  each  design.  This  method  assigns  quantitative  score  to  each  concept  and 
we  can  rank  the  concept,  as  well  as  each  criterion  from  the  highest  to  the  lowest  score.  The 
highest  score  means  the  best  and  the  lowest  is  the  least/worst.  From  the  second  evaluation 
method,  concept  I  carries  the  highest  score.  Concept  design  I  is  finally  selected  for  further 
analysis.  The  LBMD  system  would  fabricate  parts  by  combination  of  material  addition  (laser 
material  deposition)  and  material  removal  (CNC  milling  to  correct  deposition  errors). 
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Table  1 :  Concept  Evaluation  Matrix  Using  Conceptual  Design  I  as  DATUM 


Concept 

Criteria 

1 

2 

3 

Positioning  accuracy  of  the  system 

D 

s 

_ 

Repeatability  of  the  system 

A 

s 

_ 

Ease  of  system  operation 

T 

+ 

S 

I  Ease  of  maintenance  of  laser  and  powder 

u 

_ 

S 

Protection  of  laser  alignment  from  vibration 

M 

_ 

+ 

Protection  of  nozzle  and  laser  from 

_ 

_ 

Simplicity  of  Integration 

D 

+ 

s 

Simplicity  of  Synchronization 

A 

+ 

s 

User  safety  from  Laser 

T 

s 

s 

Ergonomics  (user  movement  and  interaction) 

u 

s 

s 

Minimum  axis  of  control 

M 

+ 

s 

Working  volume 

s 

_ 

Rigidity  and  stability  of  nozzle  support 

D 

+ 

_ 

Overall  estimated  cost  for  the  system 

A 

_ 

s 

Adaptability  to  multi  material  deposition 

T 

_ 

_ 

Online  process  control  implementation 

U 

+ 

— 

Score 

M 

6+,  5-,  5S 

1+,  7-,  8S 

Table  2:  Concept  Evaluation  Matrix  Using  Conceptual  Design  II  as  DATUM 


Concept  1 

Criteria 

1 

2 

3 

Positioning  accuracy  of  the  system 

s 

D 

_ 

Repeatability  of  the  system 

S 

A 

_ 

Ease  of  system  operation 

_ 

T 

— 

Ease  of  maintenance  of  laser  and  powder 

+ 

u 

+ 

Protection  of  laser  alignment  from  vibration 

+ 

M 

+ 

Protection  of  nozzle  and  laser  from 

+ 

+ 

Simplicity  of  Integration 

_ 

D 

_ 

Simplicity  of  Synchronization 

_ 

A 

— 

User  safety  from  Laser  I 

s 

T 

s 

Ergonomics  (user  movement  and  interaction) 

s 

U 

Minimum  axis  of  control 

_ 

M 

Working  volume 

s 

S 

Rigidity  and  stability  of  nozzle  support 

_ 

D 

— 

Overall  estimated  cost  for  the  system 

A 

s 

Adaptability  to  multi  material  deposition 

+ 

T 

+ 

s 

u 

_ 

1  Score 

5+,  6S,  5- 

M 

4+,  4S,  8- 
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Table  3:  Concept  Evaluation  Matrix  Using  Conceptual  Design  III  as  DATUM 


Criteria _  / 

Positioning  accuracy  of  the  system 

Repeatability  of  the  system 

Ease  of  system  operation 

Ease  of  maintenance  of  laser  and  powder 

Protection  of  laser  alignment  from  vibration 

Protection  of  nozzle  and  laser  from  contaminants 

Simplicity  of  Integration 

Simplicity  of  Synchronization 

User  safety  from  Laser 

Ergonomics  (user  movement  and  interaction) 

Minimum  axis  of  control 

Working  volume 

Rigidity  and  stability  of  nozzle  support  structure 
Overall  estimated  cost  for  the  system 
Adaptability  to  multi  material  deposition 
Online  process  control  implementation 
Score 


S 

s' 

"s 

"s 


+ 

"s 

+ 


+ 

s 

6+,  lOS 


Concept  :  :  ; 
2 

+ 


+ 


+ 


+ 


+ 

"s 


s 

+ 


+ 

8+,  5^,  3S 


'iiiiE 

”d . 

ppip 

. . 

_  „ 


Table  4:  Concept  Evaluation  Using  Quantitative  Scale  (scale  1-5) 


.  ^  ^  Concept  I 

Criteria 

1 

2 

'^3 

Positioning  accuracy  of  the  system 

3 

5 

2 

Repeatability  of  the  system 

3 

4 

2 

Ease  of  system  operation 

4 

3 

3 

Ease  of  maintenance  of  laser  and  powder 

4 

2 

3 

Protection  of  laser  alignment  from  vibration 

5 

1 

4 

Protection  of  nozzle  and  laser  from  contaminants 

5 

2 

3 

Simplicity  of  Integration 

4 

2 

3 

Simplicity  of  Synchronization 

4 

5 

3 

User  safety  from  Laser 

3 

4 

3 

Ergonomics  (user  movement  and  interaction) 

3 

4 

3 

Minimum  axis  of  control 

4 

4 

2 

Working  volume 

4 

2 

^  3 

Rigidity  and  stability  of  nozzle  support  structure 

4 

3 

2 

Overall  estimated  cost  for  the  system  (least  is  best) 

5 

2 

4 

Adaptability  to  multi  material  deposition 

4 

2 

3 

Online  process  control  implementation 

4 

3 

4 

Score 

58;;,:.  ^ 

49 

47 
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To  further  refine  the  selected  design,  a  three-dimensional  graphical  simulation  software 
was  used  to  identify  the  suitable  working  volume  for  the  system  for  two  different  fabrication 
situations;  (i)  simple  fabrication  with  no  part  rotation  and  tilting  and  system  is  required  to  do 
vertical  buildup  only,  (ii)  more  complex  fabrication  requiring  part  rotation  and  tilting  and  the 
system  is  depositing  in  the  vertical  direction.  For  both  conditions,  work  perimeter  of  12”  x  12”  x 
12”  and  8”x  8”x  8”  were  simulated.  CNC  codes  were  written  to  instruct  the  system  to  perform 
tool  movement  to  cut  the  peripheral  of  the  specified  work  perimeter,  and  any  obstruction  or 
collision  was  recorded.  Simple  movement  is  represented  by  a  cube,  while  a  more  complex 
movement  is  represented  by  a  part  with  overhang  as  illustrated  in  figure  4(a)  and  figure  4(b). 


(a)  Cube  representing  simple  vertical  buildup 


Figure  4:  Representative  objects  for  tool  path  and  work  volume  verification 


From  the  simulation  results,  the  12”  x  12”  x  12”  work  perimeter  had  demonstrated  some 
collisions  for  rotating  and  tilting  movement,  while  the  8”  x  8”  x  8”  work  perimeter  had  shown  no 
collision  for  both  simple  and  rotate-tilt  movements.  The  results  are  presented  in  Table  5.  Major 
hardware  components  of  the  system  is  shown  in  Table  6 

Table  5:  Simulation  Results  for  12”  x  12”  x  12”  and  8”  x  8”  x  8”  work  volume 


Work  Envelope 
Representations 

Deposition  Process 

Milling  Process 

Perimeter  (1 2”  X  12”  X  12”) 

•  No  collision 

•  No  collision 

With  rotation  and  tilt 
(12”  X  12”  X  12”) 

•  Collision  between  part  and 
rotary  table  base 

•  Collision  between  part  and 
rotary  table  base 

•  Collision  between  part  and 
machine  column. 

Perimeter  (8”  X  8”  X  8”) 

•  No  collision 

•  No  collision 

With  rotation  and  tilt 
(8”  X  8”  X  8”) 

•  No  collision 

•  No  collision  | 
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Table  6:  Major  Hardware  Components  of  LBMD  System 


Component 

Sub-Components 

5-axis  CNC  Machine 

2-Axis  Rotary  Table 

•  Rotation  and  tilt  motion 

•  Work  table  for  the  system 

3-Axis  milling  machine 

•  X,  Y  and  Z  motion 

•  Controls  all  axes  motion 

Powder  and  Laser  Delivery 
System 

Powder  Storage  Hopper 

•  Store  metal  powder 

•  Releases  powder  to  powder  feeder  unit 

Powder  Feeder  Unit 

•  Feeds  powder  into  nozzle 

•  Controls  powder  flow  rate 

Powder  and  Laser  Nozzle 

•  Deliver  powder  to  melt  pool 

•  Deliver  protection  and  carriage  gas 

Laser  Head 

•  Holds  laser  focus  lenses 

Gas  Supply  System 

•  Provide  Protection  and  Carriage  gas 

Fiber  Optic  Cable 

•  Deliver  laser  beam  to  focus  lenses 

1-axis  Linear  Table  - 

Way  cover 

•  Protect  Linear  table  from  contaminants 
(dust  and  moisture) 

Motor  and  Encoder 

•  Provide  Linear  table  motion 

•  Closed  loop  control  for  linear  table 

4  SOFTWARE  AND  CONTROL  SYSTEM 

Typical  software  architecture  for  a  Laser  Based  Material  Deposition  includes  the 
modeling  of  a  three-dimensional  CAD  model  in  standard  Stereolithography  (STL)  format, 
generation  of  layer  representation  of  the  object  which  is  equal  to  the  deposition  thickness,  and 
creation  of  CNC  codes  for  the  tool  path  that  are  understandable  by  the  machine  controller  [3,4,7]. 
The  system  architecture  for  the  LBMD  system  is  illustrated  in  Figure  5. 
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LBMD 


■\/ 

-►  Flow  Rate^ 


Cutting  path,  Feed  rate 
and  Tool  information 


CNC  Controller 


CNC  Milling  ~\ 


Figure  5:  System  Architecture  [8]. 


5  CONCLUSIONS 

Design  and  integration  process  of  a  Laser  Based  Material  Deposition  System  have  been 
presented  and  a  LBMD  system  is  proposed.  A  three-dimensional  graphieal  simulation  has  been 
applied  and  proven  to  be  a  useful  tool  in  the  development  of  the  LBMD  system.  A  few  important 
considerations  in  the  design  and  integration  of  the  system  include  the  following:  (i)  system 
performance  -  high  accuracy  and  precision,  stable  powder  and  power  delivery,  online  control 
and  monitoring,  (ii)  high  temperature  working  environment  -  nozzle  made  of  high  temperature 
material  and  equipped  with  cooling  system,  (iii)  protection  of  optical  lenses  or  any  sensitive 
eomponents  from  moisture  and  dust  or  easily  cleaned  and  replaceable,  (iv)  safety  -  laser 
radiation,  metal  powder,  coolant  mist  and  dust,  (v)  maintenance  -  laser  alignment  check  should 
be  minimize,  ventilation  system  is  needed  to  properly  disposed  contaminants  (metal  powder, 
coolant  mist,  dust)  out  of  the  system 
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Abstract 

Multi-axis  Laser  Aided  Manufacturing  Process  (LAMP)  is  an  additive 
manufacturing  process  similar  to  laser  cladding.  This  process  can  produce  full  functional 
parts  [1].  Traditional  Layered  Manufacturing  processes  produce  parts  with  limited 
surface  quality;  and  also  the  build  time  is  often  long  due  to  the  deposition  of  sacrificial 
support  structure.  The  multiple  degrees  of  freedom  endow  the  LAMP  system  a  capability 
to  build  parts  without  support  structure.  An  algorithm  for  adaptive  slicing  based  on 
skeleton  is  presented  in  this  paper.  The  skeleton  is  useful  for  many  applications  such  as 
feature  recognition,  robot  path  planning,  shape  analysis,  and  etc  [2].  The  near  optimal 
build  direction  can  be  generated  using  information  provided  by  the  part  skeleton,  which  is 
a  2D  (or  less)  “surfaces”  embedded  3D  space  containing  the  general  form  of  the  object. 

1.  Introduction 

The  focus  of  layered  manufacturing  has  shifted  to  building  functional  metal  parts 
[3].  Even  though.  Solid  Freeform  Fabrication  (SFF)  has  taken  the  manufacturing  industry 
to  new  heights,  there  are  still  some  problems  remain  unsolved.  These  problems  are 
addressed  and  reduced  by  our  process  -  LAMP.  The  detail  of  the  LAMP  system  was 
described  in  earlier  work.  [1]  For  the  sake  of  completeness,  however,  the  system 
architecture  is  described  briefly  here. 


Figure  1.  Five-axis  LAMP  system 

The  system  consists  of  two  major  subsystems  -  laser  deposition  subsystem 
including  the  powder  feeder,  and  CNC  milling  subsystem.  (Figure  1)  These  2  subsystems 
share  a  common  X-Y  translators  as  well  as  a  rotary  table.  (4  DOF  ’s  totally  -  2 
translations  and  2  rotations)  The  deposition  module  takes  care  of  the  material  deposition. 
The  CNC  machining  module  removes  unwanted  material.  LAMP  is  a  novel  layered 
manufacturing  process  in  which  the  support  will  be  gotten  rid  of  as  much  as  possible  in 
the  deposition  process.  In  LAMP  system,  each  layer  is  “truly”  3D  in  nature  using  the 
combination  of  material  addition  and  subtraction  processes  by  exploiting  the  presence  of 
five-axis  motion.  In  some  cases,  the  hollow  parts  or  the  parts  containing  overhang 
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(undercut  faces)  features  may  need  the  support  material  unavoidably.  Variable  build 
direction  and  variable  depth  of  slices  increase  the  surface  quality  as  well  as  the  possibility 
of  material  deposition  without  support  structure.  Also,  by  combining  the  5-axis 
machining  in  the  system  improves  the  surface  quality  and  accuracy  [1,4]. 

2.  Background 

2.1  Face  Classification: 

Following  the  earlier  work  done  by  Ramaswami  [4],  let  V  is  the  normal  vector  of 
a  face  F  and  Z  is  the  normal  of  a  slicing  plane  or  the  slicing  direction.  If  the  inner  product 
<V,  Z>  is  greater  than  or  equal  to  0  then  face  F  is  a  non-undercut  face.  On  the  other  hand, 
if  the  inner  product  <V,  Z>  is  less  than  0  then  face  F  is  an  undercut  face.  (Figure  2) 


Figure  2.  Face  Classification  [4] 


2.2  Edge  Classification: 

Convex  Edge:  The  solid  angle  between  two  facets  sharing  the  edge  is  between  0 
and  180  degrees  [1]. 

Concave  Edge:  The  solid  angle  between  two  facets  sharing  the  edge  is  between 
180  and  360  degrees.  In  Figure  3,  the  concave  edge  is  shown;  the  rests  are  convex  edges. 


Figure  3.  Edge  Classification 


2.3  Distance  Calculation: 

The  idea  for  computing  the  distance  to  boundary  faces  is  adapted  in  an  inverse 
sense  from  a  work  done  by  Choset  and  Burdick  [5].  In  their  work,  the  skeleton  is 
computed  for  an  unknown  connected  free  space  for  robot  path  planning;  but  in  this  paper, 
the  skeleton  is  computed  for  a  known  connected  space  of  the  part  filled  with  the  material. 
The  distance  (di(x))  and  its  gradient  (Vdi(x))  from  a  point  “x”  to  a  face  from  the  face  set 
{Cj:  i  =  1, 2, 3, ...,  n}  can  be  computed  by 


di(x)  =  min  ||x  -Col| 

(1) 

Vdi(x)  =  (x  -  Co)  /  ||x  -  Coll 

(2) 
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respectively;  where  as  di(x)  basically  is  the  normal  distance  to  the  face  if  the  closest 
point  in  the  interior  of  the  face,  and  Co  G  Cj.  In  the  case  of  the  closest  point  is  on  a 
boundary  edge  or  a  point,  the  faces  (which  share  that  common  edge  or  point)  are 
considered  as  one  as  if  there  were  only  one  face.  Also,  the  distance  is  just  the  closest 
distance  from  the  point  “x”  to  that  closest  point  or  edge.  The  vector  Vdi(x)  is  a  unit  vector 
in  the  direction  from  Co  to  point  “x”  [5].  Note  that  we  do  not  fill  the  spaces  with  any 
convex  polyhedrons  or  objects  like  in  their  work.  The  advantage  of  this  compared  to  their 
method  is:  we  do  not  lose  line  of  sight  to  a  face  of  a  pair  of  faces  whose  solid  angle 
between  them  is  greater  than  90°. 


2.4  Skeleton  Structures: 

Our  skeleton  extraction  algorithm  is  based  on  earlier  work  done  by  Choset  et  al 
[5,  6].  For  the  sake  of  completeness,  a  brief  review  of  the  Generalized  Voronoi  Graph 
and  its  incremental  construction  is  described  here. 


GVG  Meet  Point 


(a)  Generalized  Voronoi  Diagram  (GVD):  GVD  is  defined  as  a  set  of  points 
equidistant  to  two  closest  sets  C,  and  Cj  which  called  the  two-equidistant 
“surface”  (also  called  skeleton;  see  [7]  for  detail).  GVG  is  usually  “2D  - 
surfaces”  embedded  in  3D  space;  and  defined  mathematically  as. 

{x  G  part :  di(x)  =  dj(x)  or  di(x)  -  dj(x)  =  0}  (3) 

(b)  Generalized  Voronoi  Graph  (GVG):  GVG  can  be  thought  of  a  boundary  of 
the  GVD  since  GVG  is  a  set  of  points  which  GVD  surfaces  intersect 
(Figure  4);  defined  as  following 


{x  G  part :  di(x)  =  dj(x) )  =  dk(x)  =  ...  =  dn(x),  n  =  closest  equidistant  faces}  (4) 


2.5  Incremental  Constructions: 

The  algorithm  starts  at  one  of  the  seed  points,  which  actually  are  the  set  of  all 
vertices  where  only  convex  edges  intersect,  in  the  part.  The  common  prediction- 
correction  scheme  borrowed  from  [5]  is  used  in  marching  along  these  edges.  In  the 
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prediction  step,  the  marching  point  is  moved  a  small  step,  Usually,  the  prediction 
steps  take  the  marching  point  off  the  edge.  Next,  the  correction  steps  bring  the  marching 
point  back  on  to  the  edge.  The  marching  point  marches  along  the  edges  until  all  of  the 
seed  points  have  been  explored.  While  exploring,  if  a  meet  point  is  detected  when  a 
sudden  change  in  distance  gradients  has  been  encountered,  that  meet  point  will  be  marked 
as  a  seed  point.  Note  that  in  3D,  this  type  of  seed  points  has  more  than  or  equal  to  3 
closest  faces,  therefore  at  these  seed  points,  the  traces  are  branched  out  to  the 
combinations  of  equidistant  faces.  Basically,  the  incremental  construction  is  to  generate 
the  roots  of  funetion  “G(y,X)”  which  is  specifically  defined  for  each  of  GVG  as  follows: 


G(y,X) 


(d,  -  di)  (y.X.) 
(d,-d,,)(y,X) 


(d,-d„)(y,X) 


(5) 


VG(y,X.) 


Vd,(y,X)-Vd2(y,X) 
Vd,  (y,X)-Vd,(y,X) 


Vd,(y,X)-Vd„(y,X) 


(6) 


If  the  edge  has  non-zero  curvature,  the  prediction  step  will  take  the  marching 
point  off  the  graph  [6].  Hence,  correction  procedure  is  invoked  on  a  hyper  plane  “Y” 
orthogonal  to  the  tangent  to  eorrect  the  marehing  point  back  on  to  the  edge  as  follow. 

yh+i  =  yh  _  (VYG(y^X •’))■'  G(y^  X")  (7) 


3.  Algorithm  for  Finding  a  Build  Direction 

Each  build  direction  is  determined  from  the  information  given  by  the  skeleton. 
First,  a  preprocessor  is  used  to  reduce  the  excess  faces  for  a  given  STL  file.  The  simple 
idea  behind  this  preprocessor  is  that  the  common  edges  of  adjacent  faces  are  deleted  if 
their  normal  vectors  are  the  same  (Figure  5). 


Figure  5.  Preprocessor  is  used  to  reduce  the  unnecessary  edges 

Second,  the  skeleton  is  extracted  from  the  part  using  GVG  incremental  - 
construction.  An  example  of  the  skeleton  extracted  from  the  part  is  shown  in  Figure  6. 
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Third,  after  the  skeleton  is  extracted,  the  candidates  for  the  base  face  can  be  determined. 
Only  the  faces  not  containing  any  concave  edges  are  considered.  The  faces  in  which  all  of 
the  seed  points  are  encountered  while  tracing  the  GVG  edges  are  the  candidates  to  be 
selected  as  the  base  for  deposition  procedure.  Thus,  the  back  face,  two  side  faces,  two 
front  faces,  top  and  bottom  face  are  the  candidates  in  the  following  example  (Figure  6). 


Figure  6.  An  example  of  skeleton  extracted  from  the  part 

Fourth,  some  of  the  candidates  for  the  base  face  can  be  eliminated  since  some  of 
the  faces  are  considered  undercut  surfaces  if  one  of  the  normal  vectors  of  the  candidates 
is  selected  to  be  our  slicing  direction.  Therefore,  in  the  above  example,  only  the  back 
face,  top  face,  and  bottom  face  are  the  remaining  candidates.  In  case  that  there  is  no  face 
that  passes  the  forth  criteria  described  above,  the  half  plane  criteria  will  be  perform  to 
check  if  there  is  solid  material  only  on  one  side  of  our  face  candidates.  If  the  test  is 
passed,  the  face  is  still  be  our  candidate,  delete  it  from  the  candidates  otherwise. 

Fifth,  user  defined  objective  functions  will  be  used  to  select  one  face  from  the 
candidates.  For  example,  user  might  think  that  the  bigger  the  face  is,  the  stronger  the  base 
is.  Thus,  in  the  example,  the  top  and  bottom  faces  have  highest  priority  to  be  selected  as 
our  base  face.  Either  one  of  the  remaining  2  faces  can  be  picked. 

4.  Examples 

Case  1:  In  case  that  the  skeleton  is  a  point  (case  of  a  sphere),  there  should  be  no  different 
choosing  a  slicing  direction.  In  this  case,  the  support  structure  will  be  needed. 

Case  2:  In  case  that  the  skeleton  is  a  point  with  some  spokes,  any  face  could  be  the  base. 


Case  3:  In  the  case  of  tubes,  the  side  faces  have  more  priority  to  be  chosen  as  our  base  if 
there  is  no  undercut  surface  appeared  shown  in  Figure  8  a,  b.  Otherwise  one  of  ending 
faces  is  chosen  as  the  base  and  the  build  direction  will  follow  the  saturated  GVG  edge. 
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which  is  the  edge  that  does  not  contain  the  seed  points  (shown  as  a  dash  line  Figure  8  c). 


Figure  8.  Examples  for  case  3 

Case  4:  In  this  example,  GVD  structure  has  one  plane  or  a  combination  of  planes  such  as 
T-shape  part,  the  example  part  in  Figure  6,  and  also  the  one  in  Figure  9.  In  Figure  9,  there 
are  initially  3  candidates  for  the  base.  However  from  the  fifth  criteria,  the  top  or  the 
bottom  will  be  chosen  as  the  base. 


Case  5:  This  case  is  classified  as  bended  tubes.  The  flat  ends  of  the  tubes  are  usually 
selected  by  our  algorithm  and  the  slicing  directions  will  be  tangent  to  the  skeletons. 

There  is  possible  that  the  side  face  might  be  selected  instead  of  the  flat  ends  such  as 
bended  rectangular-cross  sectioned  tubes. 
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Case  6:  This  case  and  the  following  case  are  the  cases  that  there  is  no  candidate  left  from 
the  fourth  criteria.  Obviously,  addition  criterions  are  required.  In  these  cases,  all  of  the 
deleted  candidates  from  the  fourth  criteria  will  be  undeleted.  Next,  the  fifth  criteria  will 
be  used  to  find  the  base  face  and  build  direction  as  in  the  previous  cases.  Given  the  base 
and  the  build  direetion,  the  half  plane  teehnique  is  used  to  divide  the  part  into  subpart  that 
does  not  contain  any  undercut  surfaces.  The  face  that  occurs  from  the  intersection  of  the 
one  of  the  subparts  and  the  cutting  plane  will  be  used  as  our  next  base  face.  This  step  will 
be  repeated  until  there  is  no  subpart  left.  (Note  that  the  surface  occurs  from  the 
intersection  in  this  case  is  same  as  the  face  in  which  the  intersection  face  resides.) 


Figure  1 1 .  Examples  for  case  6 

Case  7:  This  case  is  different  from  the  previous  one  since  the  surface  occurs  from  the 
intersection  in  this  case  is  not  same  as  the  face  in  whieh  the  intersection  face  resides  as 
shown  in  Figure  12.  In  this  case,  we  definitely  need  the  support  strueture.  We  have  not 
come  up  with  an  automatic  way  to  create  the  support  structure  for  each  selected  base 
face.  However,  the  steps  of  decomposing  the  part  are  the  same  as  in  the  previous  case. 
This  ease  is  one  of  the  limitations  of  our  algorithm  described  in  the  next  topic. 


Figure  12.  Examples  for  case  7 
5.  Conclusion  and  Future  Work 

In  this  paper,  an  algorithm  for  finding  “near”  optimal  slicing  direction  for  LAMP 
system  has  been  described.  (It  can  be  applied  to  any  SFF  systems.)  There  are  some 
advantages  of  our  algorithm.  First,  our  algorithm  is  complete  and  do  not  need  any  pre¬ 
specified  parameters  to  start  with.  By  complete,  we  mean  all  of  the  candidates  can  be 
found.  (Therefore,  the  users  can  leave  the  decision  to  the  computer  by  user-defined 
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parameters  or  the  users  can  make  the  decisions  themselves  by  using  the  results  from  this 

algorithm.)  Our  approach  currently  has  the  following  limitations: 

1 .  Only  parts  with  planar  surfaces  are  considered. 

2.  Since  the  exhaustive  searches  are  performed  in  some  steps,  this  algorithm  does  not 
work  well  in  the  part  that  contains  too  many  surfaces.  (Especially,  the  parts  that 
contain  approximated  faces  of  highly  curvature  surfaces.) 

3.  The  parts  that  definitely  do  not  need  the  support  structures  are  considered. 

We  are  working  toward  relaxing  these  limitations. 
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ABSTRACT 


Laser  polishing  by  means  of  shallow  surface  melting  of  indirect-SLS  metal  parts 
was  achieved  using  high  power  CO2  and  Nd:YAG  lasers  raster  scanned  at  high  speed. 
This  was  an  effective  technique  for  reducing  surface  roughness.  The  fast  moving  laser 
beam  provides  just  enough  heat  energy  to  cause  melting  of  the  surface  peaks.  The  molten 
mass  then  flows  into  the  surface  valleys  by  surface  tension,  gravity  and  laser  pressure, 
thus  diminishing  the  roughness.  Surface  roughness  Ra  data  were  obtained  by 
profilometry  measurements  of  the  polished  samples.  An  analytical  model  was  developed 
based  on  the  assumption  that  the  surface  of  an  SLS  part  consists  of  semi-spherical  caps. 
The  model  was  used  to  predict  the  Ra  values  as  a  function  of  laser  power,  scan  speed  and 
precursor  powder  particle  size.  The  modeled  results  fit  the  empirical  data  within  a  15% 


Introduction 


For  more  than  a  decade  the  SFF  community  has  acknowledged  that  the  transition 
from  Rapid  Prototyping  towards  Rapid  Manufacturing  of  functional  parts  requires 
adequate  treatment  of  surface  roughness  [1-3].  From  a  survey  carried  out  by  the 
Laboratory  for  Freeform  Fabrication  (LFF)  at  University  of  the  Texas  at  Austin,  answers 
from  20  different  sources  related  to  RP  technology  were  gathered,  indicating  that  surface 
finishing  is  a  critical  issue  when  SFF  parts  need  to  serve  frnctional  purposes.  This  result 
was  further  confirmed  in  an  interview  of  key  people  in  the  RP  world  published  by  Time 
Compression  Technologies  magazine  [4].  On  the  latter,  all  interviewed  agreed  that 
surface  finishing  is  a  major  barrier  to  overcome  to  achieve  functional  parts  by  means  of 
RP. 


SLS  parts,  regardless  of  the  material  system  used,  inherently  present  a  grainy 
surface  finish,  which  is  rough  due  to  powder  particle  size,  layer-wise  building  sequence 
and  to  some  degree  to  the  spreading  of  the  powder  by  the  roller  mechanisms  [5].  The  RP 
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survey  carried  out  by  the  LFF  also  indicated  that  among  the  finishing  techniques  used 
today  to  reduce  roughness  of  SFF  parts,  surprisingly,  hand  polishing  and  abrasive  flow 
grinding  were  the  most  commonly  used.  These  are  tedious  and  time  consuming,  although 
effective  in  reducing  surface  roughness.  Less  commonly  used  techniques  are  electro¬ 
polishing,  shot-peening,  ultrasonic  and  vibratory  finishing  [6].  A  more  sophisticated 
approach  currently  used  is  robotic  arm  polishing;  however,  the  trajectory  of  the  polishing 
tool  must  be  determined  a  priori  by  3D  profilometry  or  some  other  means  thus  increasing 
the  complexity  and  cost  of  this  post  process  [7]. 

Laser  Polishing  of  Silica  Rods 

For  over  30  years  lasers  have  been  excellent  tools  for  material  surface 
modification  [8-10].  Depending  on  the  laser  processing  parameters  (i.e.,  power  density 
and  interaction  time)  several  modification  regimes  can  be  attained,  namely: 
transformation  hardening,  melting,  glazing,  ablation  and  shock  wave  generation.  Previous 
work  done  in  the  LFF  indicated  that  the  surface  of  silica  rods  could  be  polished  from  2.0 
pm  to  0.05  pm  (i.e.  peak-to-valley  distance)  by  means  of  a  25  W  C02  focused  c.w.  laser 
[11].  The  polishing  mechanism  is  laser  melting  of  a  very  thin  layer  of  material  that 
flowing  under  the  action  of  surface  tension.  A  wide  laser  polishing  operational  window 
from  900  to  1300  J/cm^  existed  for  this  type  of  material. 

Laser  Polishing  of  Indirect-SLS  Metal  Part 

The  latter  positive  results  obtained  in  semiconductor  materials  encourage 
pursuing  laser  polishing  of  metallic  surfaces  of  SFF  parts  as  made  by  indirect-SLS 
technology.  High  power  Nd:YAG  and  C02  lasers  (c.w.  mode)  were  successfully  used  in 
polishing  420  stainless  steel-40  wt.%  bronze  indirect-SLS  parts.  Table  1  shows  the 
operation  window  that  provided  considerable  reduction  in  roughness  Ra  values.  Figure  1 
indicates  that  the  operation  window  falls  inside  a  melting-welding  zone  [9]. 
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6.5*10-4 

Figure  1.  Operational  window  for  several  laser  Table  1.  Operational  window  used  in  laser 
processes.  Adapted  from  Steen  [9].  The  dark  box  polishing  of  indirect-SLS  parts.  The  material 
near  “Welding”  and  “Melting”  indicates  the  polishing  system  was  420  stainless  steel-40  wt.%  bronze, 
operational  window. 
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Simplistically,  a  rough  SLS  surface  can  be  envisioned  as  consisting  of  spherical 
peaks  and  valleys.  When  the  laser  beam  impinges  on  a  rough  surface,  a  peak  will  have 
higher  probability  of  reaching  the  melting  temperature  before  a  valley  does.  A  fraction  of 
the  molten  peak  will  then  flow  into  the  valley  by  the  action  of  Marangoni  forces,  gravity 
and  laser  pressure  [9].  This  “partial-melting”  mechanism  effectively  reduces  the  peak-to- 
valley  height,  thus  reducing  the  surface  roughness.  On  the  other  hand,  if  the  speed  of  the 
laser  beam  is  too  slow,  the  peaks  may  become  “over-melted”.  The  surface  then  becomes 
completely  molten,  and  it  is  likely  that  low  frequency  -  high  amplitude  surface  waves 
may  develop  on  cooling,  thus  potentially  increasing  the  roughness. 


Experimental  Setup 


Samples  were  provided  by  DTM  Corp.  and  consisted  of  rectangular  slabs  made 

TM 

using  DTM  powder  and  process  development  called  LaserForm  ST-100.  It  consists  of 
a  420  stainless  steel  mixed  with  a  2  wt.%  polymer  binder  that  is  shaped  into  a  green  pre¬ 
form  by  means  of  SLS.  The  pre-form  is  then  placed  inside  a  N2  atmosphere  furnace  to 
bum  off  the  binder  and  proceed  with  a  40  wt.%  bronze  (5  wt.%  Sn)  infiltration  of  the 
part.  This  material  system  is  aimed  towards  tool  making  for  the  injection  molding 
industry.  The  minimum  surface  roughness  achieved  is  2.4  pm,  but  some  samples  were 
showing  values  of  up  to  9.0  pm  depending  on  the  process  parameters.  Phonak  A.G. 
(Switzerland)  has  applied  this  materials  system  to  produce  tooling  for  a  hearing  aid 
transmitter  housing.  However,  machining  and  finishing  operations  were  needed  to 
achieve  the  specified  tolerances  [12]. 

CO2  and  Nd:YAG  lasers  were  used  in  c.w.  mode  to  laser  polish  the  surface  of  the 
samples.  The  focal  spot  size  of  the  CO2  laser  was  0.35+/-0.05  mm  whereas  for  the 
Nd:YAG  the  real  spot  size  was  0.25+/0.05  mm.  High  speed  galvanometer  motor  driven 
rotating  mirrors  provided  scanning  speeds  of  up  to  45  m/min  raster  speed  and  2.0  mm/s 
traverse  speed.  The  processing  chamber  was  evacuated  to  200  mTorr  and  then  back  filled 
with  a  inert  gas  reducing  atmosphere  of  4.5%H2+Ar. 

After  the  samples  were  treated,  the  surface  roughness  of  the  polished  samples  was 
measured  using  an  automated  profilometer  device.  The  arithmetic  average  roughness 
value  (i.e.  Ra),  was  used  to  quantify  this  feature.  This  is  the  average  displacement  of  the 
peaks  and  valleys  measured  with  respect  to  a  mean  line. 


Empirical  Results  and  Discussion 


Figure  2  shows  an  optical  macrograph  of  multiple  C02  laser  polished  tracks. 
These  were  made  using  220  W  and  a  traverse  speed  of  2.2  mm/s.  The  surface  roughness 
Rg  value  of  the  as-received  sample  was  2.1  pm.  The  achieved  surface  roughness  was 
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brought  down  to  =  1.6  |J.m  (traverse-direction)  and  =  3.2  |am  (scan-direction).  The 
latter  value  is  higher  than  the  as-received  because  at  the  overlapped  regions  a  hump  is 
formed.  In  Figure  3  the  transition  from  the  as-received  surface  to  a  polished  one  can  be 
observed.  A  Nd:YAG  laser  was  used  at  220  W  and  a  traverse  speed  of  1.7  mm/s.  The  as- 
received  surface  roughness  Ra  value  was  reduced  from  9.0  pm  down  to  a  Ra  value  of  2.40 
pm. 


Figure  2.  Optical  macrograph  of  multiple  C02  Figure  3.  Optical  macrograph  of  Nd:YAG  laser 
laser  polished  tracks  on  a  420  stainless  steel-40  polished  420  stainless  steel-40  wt.%  bronze 
wt.%  bronze  indirect-SLS  slab,  50x.  indirect-SLS  slab,  lOOx. 

Figure  4  shows  an  SEM  image  of  the  previous  sample,  from  which  it  can  be 
clearly  seen  that  the  as-received  surface  is  made  up  of  overlapping  spherical  caps, 
corresponding  to  bronze  coated  420  stainless  steel  powder  particles  and  clusters,  forming 
peaks  and  valleys.  Where  the  laser  beam  has  raster  scanned  through  the  sphere  caps, 
these  seem  to  have  collapsed  down,  smoothing  the  surface.  Figure  5  illustrates  this  better, 
as  it  can  be  seen  that  at  the  interface  of  the  as-received  and  polished  zone  some  sphere 
caps  became  semi-melted. 


Figure  4  SEM  image  of  Nd:YAG  laser  polished 
420  stainless  steel-40  wt.%  bronze  indirect-SLS 
slab,  60x. 

Figures  6  (a)-(d)  show  SEM  images  of  laser  polished  tracks  having  widths  ranging  from 
1.8  to  2.9  mm.  The  difference  in  resulting  track  widths  is  due  to  the  various  power  and 


Figure  5  SEM  image  of  interface  zone  of  previous 
sample,  200x. 
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speeds  used.  The  as-received  roughness  value  Ra  was  2.38  pm,  while  the  obtained  Ra 
values  after  polishing  were  (a)  Ra  =  0.82  pm,  (b)  Ra  =  1.13  pm,  (c)  Ra  =  2.56  pm  and  (d) 
Ra  -  4.18  pm.  From  Figures  (a)  and  (b)  in  can  observed  that  a  higher  power  provides 
better  polishing  results  when  the  traverse  speed  is  fixed.  However,  Figures  (c)  and  (d) 
show  that  for  a  given  laser  power,  too  low  a  traverse  speed  produces  over-melting  with  an 
increase  of  the  Ra  value  above  the  as-received  level. 


'  X',-  ^  ^  ' 


S*„/-  V^4  ,5- 

(a)  420  W  and  4.5  mm/s,  Ra  =  0.82  |xm 

. •.. 

■'  <  ■.  v=v'"'P''*'4.^' 

\  1,''' 

■•'  «  i  'A  , 

Civ#'  "  /  '  <*''  v'  <.  ^  '(V  v#- 


(b)  320  W  and  4.5  mm/s,  R^i  =  1.13  jxm 


t^V^"  ^  T'r'-of"'"  ^  '"  ' 

' 'fill'-- A  ^ ^ 

w% . ^ 


(c)  220  W  and  4,5  mm/s,  Ra  =  2.56  |im 


(d)  220  W  and  1.8  mm/s,  Ra  =  4.18  [xm 


Figure  6.  SEM  of  CO2  laser  polishing  of  420  stainless  steel-40  wt.%  bronze  indirect-SLS  slab,  50x. 


(a)  As-received  surface,  1500x  (b)  CO2  laser  polished  surface,  500x 

Figure  7.  SEM  of  as-received  and  polished  420  stainless  steel-40  wt.%  bronze  indirect-SLS  samples. 
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Figure  7  shows  a  sequence  of  SEM  images  of  the  surface  morphology  of  laser 
polished  samples.  Figure  7a  corresponds  to  the  as-received  surface  having  a  Ra  value  of 
2.38  pm.  Here,  powder  particles  are  clearly  seen  embedded  in  a  bronze  matrix.  Figure  7b 
shows  a  close-up  of  a  polished  zone,  obtained  using  320  W  and  a  traverse  speed  of  4.5 
mm/s.  The  periodically  distributed  minuscule  humps  may  have  been  caused  by  surface 
tension  and  oxidation  effects;  these  contribute  to  the  1.13  pm  roughness  Ra  measured. 

Figure  8  is  a  plot  of  the  Ra  values  for  NdiYAG  laser  polished  420  stainless  steel- 
40%  bronze  indirect-SLS  samples.  The  power  was  220  W  at  five  traversing  speeds:  1 .46, 
1.47,  1.73,  1.74  and  1.76  mm/s.  The  as-received  Ra  value  of  the  surface  was  9.0  pm,  and 
for  the  five  sets  of  parameters,  a  considerable  reduction  in  Ra  value  was  achieved. 
However,  as  the  speed  is  increased,  the  Ra  values  increase  from  3.0-3. 3  pm  to  3.7-4. 1 
pm.  Higher  speed  at  constant  power  level  implies  less  melting  of  the  sphere  caps  and 
therefore  less  mass  flow  into  the  sphere  valleys. 


Speed  versus  Empirical  Ra  Values 
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Figure  8.  Ra  values  for  Nd:YAG  laser  polished  420  stainless  steel-40  wt.%  bronze  samples,  220  W. 

Figure  9  is  a  plot  of  the  Ra  values  for  CO2  laser  polishing  done  at  320  W  as  a 
function  of  traverse  speed.  In  these  samples,  the  as-received  Ra  value  is  2.38  pm,  lower 
than  in  the  previous  case.  The  data  show  a  “U-shape”  trend  for  the  Ra  values,  all  below 
the  as-received  Ra  value,  as  a  function  of  increasing  traversing  speed  with  a  minimum  Ra 
of  1.65  pm  at  1.19  mm/s.  The  increase  of  Ra  value  with  decreasing  speed  from  1.19  to 
0.65  mm/s  is  attributed  to  the  over-melting  mechanism;  i.e.  the  sphere  caps  are  melted 
completely  and  surface  tension  effects  and  oxidation  may  possible  induce  low  frequency 
-  high  amplitude  waviness  morphology  on  the  treated  surface.  In  the  speed  range  from 
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1.19  to  1.89  mm/s  the  increase  in  achieve  Ra  values  is  due  to  the  partial-melting 
mechanism  as  described  in  Figure  8. 


Figure  9.  Ra  values  for  CO2  laser  polished  420  stainless  steel-40  wt.%  bronze  samples,  320  W. 


Summary  of  Results 

The  results  obtained  indicate  that  a  reduction  in  R^  roughness  has  been  achieved 
in  420  stainless  steel  -  bronze  infiltrated  SLS  parts  by  means  of  CO2  and  Nd:YAG  laser 
polishing.  The  best  results  are:  (i)  Ra  reduction  from  2.1  pm  to  1.6  pm  at  220  W  and  2.2 
mm/s  (ii)  Ra  reduction  from  2.38  pm  to  1.65  pm  at  320  W  and  1.19  mm/s  and  (ii)  Ra 
reduction  from  2.38  pm  to  0.8  pm  at  420  W  and  4.5  mm/s.  By  means  of  Nd:YAG  laser 
polishing  the  best  result  is  a  Ra  reduction  from  9.0  pm  to  2.40  pm  at  220  W  and  1.7 
mm/s. 


Analytical  Modeling 


Melting  Spherical  Can  Model 

As  confirmed  by  the  SEM  images,  the  surface  of  indirect-SLS  metal  parts  consists 
of  spherical  420  stainless  powder  particles  of  different  radii  that  have  been  coated  with 
bronze  during  the  infiltration  process.  The  surface  roughness  is  then  related  to  the  height 
between  the  particle  peaks  and  valleys  formed  in  between  them.  This  observation  allows 
us  to  develop  a  simple  model  assuming  that  the  surface  is  made  of  tangent  semi-spheres 
as  shown  in  Figure  10a.  The  impinging  coupled  laser  energy  heats  up  the  spherical  caps 
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to  their  melting  point  with  subsequent  flow  of  the  melt  into  the  valleys  as  shown  in 
Figure  10b.  The  model  must  be  able  to  determine  the  newly  established  surface 
morphology  of  the  melted  caps  and  filled  valleys. 

Laser  beam 

0  0  0 


(a)  Schematic  of  spherical  cap  surface  prior  to  laser  (b)  Schematie  of  the  surface  after  the  laser  has  melted 
impingement  on  the  surface.  the  spherical  caps. 

Figure  10.  Assumed  sequenee  of  events  during  laser  polishing. 

The  first  step  is  to  write  a  lumped  energy  balance,  Eq.l,  taking  into  account 
surface  melting  and  superheating  due  to  a  flux  of  energy  (i.e.,  a  stationary  laser  beam). 
The  energy  balance  is  expressed  in  terms  of  the  melted  volume  of  one  semi-spherical  cap, 
i.e.  Vmelt-  It  is  then  necessary  to  introduce  two  parameters  f\  and  fi  (see  Figure  1  la)  to 
account  for  the  relationship  between  the  thermally  affected  volume  underneath  the  laser 
beams,/],  and  the  total  volume  of  spherical  caps  that  is  melted  and  superheated  by  AT/  at 
the  surface  only,  given  by /. 

P(l-91)- At,^TgR^CT10N  =  [Ps^Ps^Tj.  •/ d-CPsL-l-P/Cp/AT,)-/]- V^gLT  (I) 
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The  time  a  moving  laser  beam  impinges  over  a  spherical  cap,  is  determined  by  its  own 
spot  diameter  and  scan  speed  and  is  given  by  Eq.3.  This  expression  is  a  good 
approximation  for  the  time  a  stationary  laser  beam  is  heating  up  the  cap  surface.  Table  2 
lists  and  defines  the  variables  used  in  equations  1-3. 


Variable 

Definition 

Variable 

Definition 

p 

Laser  Power 

Ots 

Thermal  diffusivity  of  solid  phase 

Reflectivity 

Dlaser 

Laser  spot  diameter  size 

Ps 

Density  of  solid  phase 

RpARTICLE 

Powder  particle  radius  size 

P/ 

Density  of  liquid  phase 

AtiKTERACTlON 

Laser  interaction  time 

Cps 

Heat  capacity  of  solid  phase 

AT, 

Max.  temperature  above  melting 

Cp/ 

Heat  capacity  of  liquid  phase 

AT, 

Avg.  temperature  below  melting 

L 

Heat  of  fusion 

VtRAVERSE 

Traverse  speed  of  laser  beam 

Table  2.  Melting  Spherical  Cap  Model  definition  of  variables. 
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The  volume  of  a  spherical  cap  expressed  as  a  function  of  the  height,  z,  measured 
from  its  cusp  to  the  basal  plane,  is  given  as  Eq.4.  If  this  expression  is  set  equal  to  Vmelt, 
from  Eq.l,  then  the  depth  of  melt,  Zm,  can  be  calculated  by  solving  a  cubic  polynomial  on 
z. 

Vcap(z)  =  ^^z'-(3R-z)  (4) 


The  volume  of  a  sphere  segment,  Vsegment(z)  is  given  as  Eq.5.  The  expression 
for  the  volume  of  a  valley  to  be  filled  by  Vmelt  is  given  by  Eq.6.  The  latter  was  obtained 
by  subtracting  the  volume  of  a  sphere  segment  of  height  z,  Eq.5,  from  the  volume  of  a 
parallelepiped  (i.e.  base  4R^  and  height  z),  as  shown  in  Figure  1  lb.  To  find  the  filled 
valley  height,  Zf,  Eq.6  is  set  equal  to  Eq.4.,  the  latter  evaluated  at  z^;  this  is  illustrated  in 
Figure  12a.  Again  a  third  order  polynomial  must  to  be  solved  for  Zf. 
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(6) 

(a)  Domain  used  in  lumped  energy  balance.  (b)  Sphere  cap  embedded  in  parallelepiped. 

Figure  11.  Schematics  of  the  Melting  Spherical  Cap  Model. 


Equation  7  gives  the  expression  for  the  arithmetic  average  surface  roughness  as  a 
function  of  the  sphere  radii,  Ri,  corresponding  to  specific  powder  particle  sizes.  This 
expression  computes  an  arithmetic  average  between  the  peak-to-valley  distances  (i.e.  R,- 
Zm-Zf)  for  N  different  particle  sizes  (see  Figure  12b). 

|^(Ri-Zn,)-Zf 


36 


(a)  Relationship  between  melt  depth  -  filled  height.  (b)  Idealized  cross  section  after  laser  polishing. 
Figure  12.  Schematic  drawings  for  the  determination  of  the  surface  roughness  Ra  value. 

From  Figure  13  it  can  be  observed  that  the  proposed  model  fits  the  empirical  data  well  in 
the  region  corresponding  to  the  partial-melt  mechanism,  i.e.  increase  in  Ra  value  (below 
the  as-received  value)  with  increasing  speed.  Particle  radii  of  10,  15,  20  and  25  pm  were 
considered  when  computing  the  Ra  values.  The  model  can  predict  changes  in  R^ 
roughness  within  a  15%  error  inside  an  operating  window  of  1.1  -  1.9  mm/s  and  320  W. 


Figure  13.  Comparison  between  measured  and  modeled  Ra  values  versus  traverse  speed. 


Conclusions 

1.  Reduction  in  surface  roughness  has  been  achieved  by  means  of  a  high  laser 
power  polishing  technique  using  either  CO2  and  Nd:YAG  lasers  at  high  scanning 
speed.  Two  polishing  mechanisms  are  observed:  (a)  partial-melting  with  increase 
in  R3  values  with  increasing  speed,  (b)  over-melting  with  decrease  in  Rg  values 
with  increasing  speed. 
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2.  As-received  surface  roughness  values  affect  the  reduction  in  roughness. 

3.  Surface  integrity  of  the  treated  part  remains  to  be  assessed;  however,  an  increase 
in  the  surface  microhardness  is  expected  to  occur. 

4.  Laser  power  and  speed  control  need  to  be  implemented  as  the  parts  to  be  treated 
have  finite  dimensions. 
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ABSTRACT 


Producing  acceptable  models  on  the  Selective  Laser  Sintering  (SLS)  machine  involves 
adjusting  machine  parameters  relative  to  powder  age.  Typically,  a  fraction  of  the  powder  is  used 
and  the  remainder  of  the  unused  powder  is  recycled.  After  5-7  recycles,  this  method  leads  to  a 
powder  inventory  with  inconsistent  characteristics.  The  goal  of  this  study  was  to  apply  a  new 
recycling  program  to  extend  powder  life,  reduce  powder  inventory,  and  improve  part  quality. 
This  study  looks  at  various  material  properties  of  processed  powder  over  its  lifetime,  including: 
surface  quality,  toughness,  impact  strength,  elastic  modulus,  tensile  strength,  and  shrinkage.  A 
new  approach  to  powder  recycling  and  machine  parameter  adjustment  will  be  recommended. 

INTRODUCTION 


Since  build  parameters  vary  for  different  machines  and  powders,  this  study  focused  on 
the  Sinterstation  2000  using  DuraForm™  Polyamide  powder.  Previously,  during  model 
building,  a  fraction  of  the  powder  is  used  and  the  remainder  of  the  unused  powder  is  re¬ 
processed  (recycled).  Recycling  DuraForm™  powder  involves  mixing  33%  unused  (or  new) 
powder  and  67%  used  (or  old)  powder  through  a  sifter  with  a  50/70  Mesh  Screen.  After  5-7 
recycles,  this  method  leads  to  a  powder  inventory  with  inconsistent  characteristics  that  will 
produce  unacceptable  models  using  default  machine  parameters  —  as  defined  by  the 
manufacturer.  It  became  expensive  building  models  over  4  inches  high  on  a  consistent  basis, 
considering  the  amount  of  powder  required  for  recycling.  This  method  also  failed  to  accurately 
indicate  the  number  of  recycles  possible  before  the  powder  was  unusable. 


OBJECTIVE 


The  main  objective  of  this  study  was  to  determine  when  powder  is  no  longer  usable. 
Primarily,  start  with  enough  powder  so  that  it  will  provide  300  hours  of  build  time  without 
running  short.  Explore  the  effect  on  mechanical  and  physical  properties  if  laser  power,  glaze, 
and  crack  point  are  determined  and  adjusted  before  each  build.  Determine  optimal  laser  power 
and  glaze  point  as  a  function  of  powder  age  and  desired  property. 

APPROACH 


Part  Geometry 

The  part  was  designed  to  capture  several  characteristics  of  parts  produced  using  SLS 
nylon.  As  shown  in  figure  1,  the  overall  part  is  composed  of  three  smaller  parts  joined  together. 
The  tensile  sample  captures  mechanical  properties  such  as,  tensile  strength,  modulus  of 
elasticity,  percent  elongation,  and  toughness.  The  smaller,  rectangular  part  captures  un-notched 
impact  strength.  The  tensile  and  impact  samples  capture  process  shrinkage  and  warpage.  The 
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tapered  helix  provides  information  on  minimum  cross-sections  and  non-vertical  surface  finish. 
The  combination  of  all  parts  provide  information  on  sharpness  of  edges  and  surface  quality. 


Part  Processing 

Five  drums  of  powder  were 
used  for  the  experiment,  all 
verified  to  be  from  the  same  lot  of 
powder.  As  shown  in  figure  2, 
powder  samples  were  taken  at  the 
start  of  each  run.  The  same 
powder  was  reused  during  the 
entire  series  of  runs.  The  glaze  and 
crack  point  were  determined  and 
used  for  optimal  settings  before 
building  each  set  of  test  parts.  The 
glaze  point  is  the  temperature  at 
which  powder  on  the  part  bed 
begins  to  melt.  The  crack  point  is 
the  temperature  at  which  powder 
on  the  feed  heaters  begins  to  melt. 
Before  each  run,  small  disks  were 
built  to  determine  the  laser  power 
range  of  the  aging  powder.  The 
disks  were  not  removed  from  the 
machine,  but  were  visually 
inspected  to  determine  upper  and 
lower  limits.  After  the  range  was 
determined,  three  sets  of  two 
samples  were  produced  with  low, 
medium,  and  high  power.  For  the 
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first  run,  one  set  of  0.003  inch  layer  thickness  parts  was  included  followed  by  0.005  layer 
thickness  parts.  After  the  first  run  all  test  parts  were  produced  in  0.005  inch  layer  thickness.  The 
z-height  of  the  test  parts  produced  was  not  large  enough  to  use  up  all  the  powder  in  the  feed 
heaters.  All  powder  in  the  feed  heaters  needed  to  be  used  in  order  to  age  the  powder  at  the  same 
temperature  by  passing  it  through  the  part  bed,  which  is  at  about  65°C  degrees  above  the 
temperature  of  the  feed  heaters.  To  better  simulate  a  taller  build  and  age  all  the  powder  in  the 
feed  heaters,  each  5-6  hour  run  was  stretched  to  24  hours.  This  was  necessary  to  realistically  age 
the  powder  until  it  degraded  to  the  point  where  it  is  no  longer  useful.  A  method  was  created  to 
age  the  powder  at  the  same  temperature  by  utilizing  the  cool  down  process  on  the  Sinterstation  to 
simulate  the  build  process.  Typically,  the  cool  down  process  starts  when  the  laser  has  scanned 
the  last  part  in  the  part  bed.  This  process  cools  the  part  bed  and  lowers  the  temperatures  of  the 
feed  heaters  in  a  controlled  manner  while  spreading  the  powder  from  the  feed  heaters  onto  the 
part  bed.  We  revised  this  process  to  maintain  the  same  temperatures  experienced  during  part 
building  in  order  to  age  the  powder  uniformly.  The  average  scan  time  of  each  layer  was  used  as 
the  time  interval  between  layers  during  the  revised  cool  down  process,  until  most  of  the  powder 
in  the  feed  heaters  was  used  and  enough  remained  to  allow  for  the  normal  cool  down  process. 
After  each  run,  the  parts  were  visually  inspected  for  physical  defects,  characteristic  of  fully 
degraded  powder,  to  determine  when  to  end  the  experiment.  Powder  degradation  has  a  direct 
impact  on  the  surface  finish  of  the  parts.  It  is  important  to  note  that  mechanical  properties  did 
not  determine  the  number  of  runs,  appearance  was  the  deciding  factor  in  when  to  stop.  All 
remaining  powder  from  the  part  bed,  feed  heaters  and  overflows  was  thoroughly  blended  and 
sifted  before  the  start  of  each  run. 

Testing 

Testing  can  be  divided  into  three  categories,  including  tensile  testing,  impact  testing,  and 
physical  testing.  After  samples  were  processed  on  the  SLS  they  were  stored  under  the  same 
conditions  until  all  samples  were  complete  and  ready  for  testing.  All  samples  were  tested  within 
a  two-day  period  under  the  same  test  conditions. 


Glaze  &  Crack  Point 

Glaze  point,  shown 
in  figure  3,  was  fairly 
constant  to  around  150 
hours  at  which  point  it 
declined  up  to  192  hours. 

It  should  be  noted  that 
before  the  final  run  the  IR 
sensor  failed  and  was 
replaced.  Actual 
temperature  was  higher  (by 
a  constant  factor)  than  set 
temperature  in  the  runs 
before  2 1 6  °C.  Crack 
Point  was  steady  at  96  “C. 


RESULTS  &  DISCUSSION 


Glaze  Point  and  Crack  Point 


Figure  3  *gla7.e  noint  increase  on  last  run  is  due  to  TR  sensor  change 
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Laser  Power 

Low,  medium  and  high  laser  power  were  increased  as  needed  before  each  build.  Figure 
4  illustrates  an  increase  in  laser  power  settings  from  a  range  between  3  and  5  watts  in  the  first 
run  to  a  range  between  6.5  and  8.5  watts  in  the  final  run.  This  study  shows  the  importance  of 
increasing  laser  power  relative  to  powder  age  to  maintain  part  quality. 


Tensile  Strength 

As  shown  in  figure  5,  the  ultimate  tensile  strength  is  higher  for  the  high  power  setting  and 
steadily  declines  below  the  low  and  medium  powder  settings,  at  around  150  hours  of  powder 
age.  A  combination  of  higher  than  needed  power  and  older  powder  may  tend  to  chemically 
degrade  the  powder.  Typical  UTS  fell  between  5000  to  VOOOpsi,  which  corresponds  with 
vender’s  claim  of  6400psi. 

Young’s  Modulus  of  Elasticity 

Modulus  of  elasticity  was  fairly  stable  averaging  around  250  Ksi,  as  shown  in  figure  6. 
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For  the  samples  with  high  laser  power  modulus  declined  after  150  hours.  The  modulus 
corresponds  with  the  vender’s  claim  of  232  Ksi. 


Toughness 

Toughness  is  determined  by  calculating  the  area  under  the  stress  strain  curve  on  each 
specimen.  As  shown  in  figure  7,  the  toughness  increases  to  a  point  around  168  hours  and  then 
declines  for  med  and  high  laser  settings.  The  low  laser  setting  increases  to  a  high  in  toughness  at 
240  hours.  Figure  7  suggests  that  toughness  has  much  to  do  with  the  amount  and  intensity  of 
heat  the  powder  has  been  exposed  to  over  its  lifetime,  reaching  a  threshold  at  around  160  hours 
for  the  medium  and  high  laser  power. 
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Impact  Strength 

Impact  strength,  shown  in  figure  8,  follows  a  pattern  comparable  to  the  toughness  results, 
in  the  previous  graph,  with  impact  strength  declining  after  150  hours.  In  this  test  all  three 
samples  decline  at  the  same  age,  suggesting  that  impact  strength  declines  due  to  powder  age 
more  than  the  combination  of  laser  power  and  powder  age. 


Shrinkage 

Shrinkage  as  shown  in  figure  9,  was  not  constant  in  this  study.  Shrinkage  was  least 
effected  by  laser  power  on  the  first  run,  holding  steady  at  3.8%.  After  24  hours  the  powder 
shrinkage  became  more  sensitive  to  laser  power  and  held  steady  to  144  hours.  At  around  168  the 
shrinkage  was  very  small  at  around  1%.  After  the  powder  aged  past  168  the  shrinkage  again 
increased.  From  these  results,  average  shrinkage  as  a  function  of  laser  power  and  powder  age 
could  be  estimated.  This  change  in  shrinkage  has  not  been  verified  with  an  additional  study. 
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CONCLUSIONS 


Glaze  point  and  crack  point  are  fairly  stable  as  the  powder  ages  while  laser  power  must 
continually  be  bumped  up. 

Mechanical  properties  such  as  tensile  strength  and  modulus  of  elasticity  are  fairly  stable 
up  to  and  past  192  hours  of  powder  age.  Toughness  and  impact  strength  generally  improve  up  to 
around  168  after  which  they  tend  to  decline. 

Shrinkage  decreases  after  the  first  powder  usage  and  stabilizes  around  2%.  After  the 
powder  is  older  than  150  hours  shrinkage  decreases  and  then  rises  above  2%. 

The  SLS  powder  life  study  proved  a  tremendous  success  since  we  averaged  215  hours  per 
4  drums  before  the  study  and  now  averaging  315  hours.  Using  the  experimental  results,  consider 
storing  the  used  powder  in  separate  bins  based  on  the  amount  of  hours  spent  on  the  machine 
instead  of  the  number  of  builds.  In  the  case  of  varying  build  times,  which  is  inevitable,  only  mix 
and  sift  powders  within  a  5-hour  age  difference.  This  will  ensure  average  powder  characteristics. 

Experimental  results  show  a  significant  laser  power  change  every  75  hours,  therefore  the 
NY  Scale  and  laser  discs  should  be  built  every  75  hours  to  determine  the  new  shrinkage  values 
and  appropriate  laser  power.  Although  the  glaze  point  show  a  minimum  increase  from  the 
experimental  results,  it  should  be  determined  afterl50  hours  to  verify  the  experimental  results. 
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Abstract 

The  University  of  Leuven  uses  a  liquid  curtain  recoating  system  for  resin  deposition  in 
stereolithography.  This  system  deposits  new  liquid  layers  of  photo-polymer  by  means  of  a  liquid 
curtain  travelling  over  the  build  vat.  Experiments  have  been  carried  out  to  increase  the  speed  of  the 
liquid  curtain  while  depositing  a  layer.  Speeds  up  to  1 .2  m/s,  and  accelerations  up  to  1  g  have  been 
tested  successfully,  meaning  that  it  is  possible  to  coat  high-quality  layers  of  75  |a.m  thickness  with 
this  recoating  technique.  However,  the  curtain  restores  too  slowly  after  acceleration.  This  paper 
discusses  possible  reasons  and  tries  to  formulate  adequate  solutions.  Possible  solutions  consist  in 
controlling  small  pressure  differences  in  the  curtain’s  neighbourhood.  A  solution  to  this  problem 
is  necessary,  as  to  make  the  travelling  length  of  the  curtain,  and  so  the  machine  length  acceptable 
with  respect  to  the  dimensions  of  the  build  vat. 

Introduction 


The  process  of  curtain  coating  consists  of  pumping  a  coating  liquid  from  a  reservoir  into  a 
precision  extrusion  head,  which  has  a  narrow  slot  along  its  lower  face.  The  liquid  is  extruded  out 
of  the  slot,  and  in  flowing  downwards  under  the  influence  of  gravity  it  forms  a  liquid  sheet,  also 
called  a  liquid  curtain.  The  liquid  curtain  then  hits  a  substrate.  This  substrate  moves  relative  to  the 
curtain,  and  by  so  doing  a  liquid  film  is  coated  onto  it.  Liquid  sheets  are  often  employed  to  deposit 
uniform  liquid  layers  on  a  moving  substrate  as,  for  example,  in  the  coating  of  photographic  film. 
For  more  applications,  the  reader  should  consult  Finnicum  [4]  and  the  references  of  Brown  [2]. 
Typically,  the  liquid  curtain  is  long  and  thin,  and  can  be  up  to  several  metres  wide.  Because 
of  their  technological  and  theoretical  interest,  the  flow  in  a  liquid  curtain  has  been  extensively 
studied,  addressing  both  the  shape  of  the  curtain  [4,  5],  and  instability  issues  [8,  7, 2]. 

In  our  application  the  extrusion  head  is  displaced,  rather  than  the  substrate.  The  substrate, 
consisting  of  a  build  vat  filled  with  liquid  photo-polymer  and  a  partially  built  stereolithography 
part,  is  not  moving.  In  order  to  apply  a  new  liquid  layer  in  the  stereolithography  process,  the  extru¬ 
sion  head  together  with  the  liquid  curtain  is  moved  over  the  build  vat.  As  several  subsequent  layers 
are  coated  during  the  process  of  fabricating  a  part  with  stereolithography,  we  refer  to  this  coating 
technique  as  curtain  recoating  [9,  6].  Curtain  recoating  is  one  of  the  fastest  coating  techniques. 
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able  to  coat  a  new  liquid  layer  for  stereolithography  in  about  two  seconds.  Considered  the  appre¬ 
ciable  amount  of  layers  a  stereolithography  product  usually  consists  of,  curtain  recoating  enables 
a  substantial  reduction  of  part  build  times. 

Basically,  a  build  vat  with  moving  platform  is  used  as  depicted  in  figure  1 .  Before  coating 
a  new  layer  of  liquid  photo-polymer,  the  platform  is  lowered  over  a  distance  equal  to  the  layer 
thickness.  Hereafter,  the  coating  head,  and  thus  the  liquid  curtain  is  moved  over  the  build  vat.  As 
a  result,  the  liquid  level  in  the  build  vat  after  each  newly  coated  layer  remains  at  constant  height. 
A  basin  around  the  build  vat  collects  the  excess  of  resin  and  feeds  it  to  a  supply  reservoir  which,  in 
turn,  feeds  a  metering  pump.  In  a  sense,  this  application  of  curtain  coating  is  unique  with  respect  to 
all  previously  published  studies,  because  of  the  coating  head,  rather  than  the  substrate,  is  moving. 
The  problem  of  seeking  optimal  operating  conditions,  necessary  to  coat  layers  of  good  quality  is 
described  in  the  following  section.  The  subsequent  sections  discuss  the  experiments  that  have  been 
performed  in  order  to  gain  a  better  understanding  of  the  curtain’s  dynamic  behaviour,  a  necessary 
prerequisite  for  process  improvement. 


acceleration  length  .  ,  deceleration  length 

I  (deceleration)  |  region  of  constant  speed  |  (acceleration)  | 


Figure  1:  Curtain  recoating  for  stereolithography:  coating  of  a  new  liquid  layer 

Problem  description 


The  thickness  d  of  a  coated  liquid  layer  relates  to  the  flow  rate  q  through  the  extrusion 
head’s  slot  per  unit  slot  width  [m^/s],  and  the  speed  of  the  coating  head  U  [m/s],  according  to: 


d  = 


Q_ 

U' 


(1) 


In  order  to  coat  a  layer  of  uniform  thickness,  q  must  be  constant  along  the  width  of  the  curtain,  and 
U  must  remain  constant  while  the  head  crosses  over  the  build  vat.  There  exists  a  minimum  value 
for  q  for  good  operation,  based  on  a  stability  issue  for  the  liquid  curtain.  Below  this  minimal  q  the 
liquid  curtain  breaks  and  no  intact  liquid  layers  can  be  coated.  Hence,  in  order  to  further  decrease 
the  thickness  of  a  coated  layer,  U  has  to  be  increased.  A  typical  value  for  q  =  90  mm^/s  for  our 
coating  head,  meaning  that  in  order  to  coat  a  layer  of  d  —  100  pm,  U  must  be  0.9  m/s;  for  d  = 
60  pm,  [7=1.5  m/s. 
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Actually,  decreasing  the  layer  thickness  is  not  the  primary  goal  of  high-speed  curtain  re¬ 
coating.  The  deposition  of  a  liquid  layer  of  good  quality  is  a  more  stringent  problem  to  be  solved. 
If  the  recoating  speed  U  is  equal  to  the  fluid  velocity  V  in  the  curtain  at  a  point  where  it  impinges 
onto  the  substrate,  then  the  thickness  d  of  the  coated  layer  will  be  equal  to  the  thickness  h  of  the 
curtain  at  its  lower  end.  When  U  is  smaller  than  V,  d  will  be  larger  than  h,  and  a  kind  of  ‘heel’  will 
form  where  the  curtain  hits  the  substrate  [1,  3].  Figure  2  depicts  this  phenomenon.  Recirculating 
flows  will  develop  in  this  heel,  thereby  entrapping  air  in  tiny  bubbles.  These  bubbles  will,  eventu¬ 
ally,  be  trapped  in  the  liquid  layer.  At  present,  the  curtain  in  our  machine  is  125  mm  long,  and  the 
velocity  of  the  fluid  at  the  lower  end  of  the  curtain  is  about  1.4  m/s  [2].  The  maximum  achievable 
speed  U  in  our  machine  is  0.7  m/s,  meaning  that  the  thickness  of  the  coated  layer  d  is  about  two 
times  the  curtain  thickness  h  at  its  lower  end.  Thus,  our  primary  goal  in  this  research  is  seeking 
better  operating  conditions  than  the  ones  presently  used. 

coating  speed  1/ 


heel 

— 

U<V,  formation  of  a  heel 

Figure  2:  Formation  of  a  heel  at  the  lower  end  of  a  liquid  curtain  when  the  coating  speed  is 
substantially  smaller  than  the  fluid  velocity  in  the  curtain 

In  order  to  coat  a  liquid  layer,  the  coating  head  has  to  be  aecelerated  from  rest  to  the  desired 
coating  speed  U.  Throughout  this  paper  the  distance  travelled  by  the  head  during  acceleration  will 
be  called  the  acceleration  length  (fig.  1).  A  section  of  constant  speed  U  follows  next.  In  the  be¬ 
ginning  of  this  constant  speed  section,  the  eurtain  has  to  reassess  fi'om  acceleration.  Subsequently, 
a  liquid  layer  is  coated.  Finally  the  eoating  head  decelerates  in  order  to  be  at  rest  at  the  end  of  its 
stroke.  When  coating  the  subsequent  layer,  the  head  starts  at  this  latter  position  and  moves  towards 
the  former  rest  position,  thus  necessitating  a  symmetrical  machine. 

Some  problems  that  are  encountered  in  high-speed  eurtain  recoating  are  now  discussed. 
Firstly,  the  machine  dimensions  have  to  remain  within  reasonable  proportions.  It  would  be  un¬ 
acceptable  to  have  a  machine  of  more  than  3  m  long  with  a  build  vat  of  only  250  mm  diameter. 
The  acceleration  length  should  thus  be  limited.  When  increasing  the  coating  head’s  speed  U,  the 
peak  acceleration  should  be  increased,  rather  than  the  acceleration  length.  Secondly,  inertia  forces 
during  acceleration  will  bend  the  liquid  curtain  backwards.  Vertical  rods  at  both  lateral  ends  of  the 
curtain  are  needed  to  maintain  a  straight  curtain,  as  surface  tension  would  otherwise  contract  it. 
The  curtain  is  pinned  at  these  rods,  also  called  ‘edge  guides’  (fig.  3).  Thus,  when  bending  back¬ 
wards  the  curtain  will  curve  also  in  a  horizontal  plane,  remaining  pinned  at  the  edge  guides  and 
assuming  a  maximal  bending  in  its  middle.  This  situation  is  depicted  in  figure  4.  After  reaching  the 
desired  coating  speed  U,  the  curtain  slowly  returns  to  its  original,  planar  shape.  This  planar  shape 
has  to  be  reached  before  beginning  to  coat  the  layer,  otherwise  the  contact  line  between  curtain  and 


fluid  velocity  Vl 


normal  operation:  UfV  =  1 


48 


substrate  will  be  curved.  Since,  in  this  case,  the  curtain  is  still  in  a  transient  state,  its  velocity  is  not 
equal  to  the  constant  speed  U,  and  the  thickness  of  the  coated  layer  will  not  be  uniform.  A  number 
of  experiments  have  been  performed  in  order  to  investigate  the  feasibility  of  using  high-speed  cur¬ 
tain  recoating  for  stereolithography.  The  following  section  describes  the  set-up  that  has  been  used 
for  the  experiments. 


Experimental  set-up 


A  number  of  experiments  have  been  performed  in  order  to  investigate  the  possibility  of 
high-speed  curtain  recoating.  In  the  context  of  curtain  recoating  for  stereolithography,  high-speed 
means  coating  speeds  U  higher  than  1  m/s.  The  coating  head  was  mounted  on  a  linear  drive,  having 
a  total  stroke  of  900  mm.  This  linear  drive  was  chosen  because  of  its  ease  of  programming  different 
acceleration  profiles,  and  because  of  the  high  accelerations  the  drive  can  achieve.  Degraded  Somos 
7100^"^  resin  with  a  viscosity  of  1.1  Pa.s  @  34°C  was  used  for  the  experiments.  The  curtain  was 
400  mm  wide  and  125  mm  long.  Figure  3  shows  the  set-up.  A  Sony  digital  video  camera  was 
mounted  next  to  the  coating  head,  moving  together  with  the  head  and  slide.  Video  frames  were 
recorded  at  a  rate  of  50  Hz  during  motion. 


feed  pipe 


Figure  3:  Experimental  set-up  for  the  investigation  of  the  curtain 's  behaviour  during  acceleration 
to  high  speeds  of  the  coating  head. 

Different  acceleration  profiles  were  tested,  among  these  a  2"^  order  polynomial,  having 
a  discontinuous  jerk  profile  at  the  beginning  and  end  of  the  acceleration  section,  and  a  4*^'’  order 
polynomial,  having  a  continuous  jerk  profile  throughout  the  entire  trajectory  of  the  drive.  For  a 
given  acceleration  length,  the  2"^  order  profile  gives  the  lowest  peak  acceleration.  For  a  given  peak 
acceleration,  the  2"'^  order  profile  gives  the  shortest  acceleration  length.  No  substantial  difference 
has  been  observed  in  the  curtain’s  response  to  both  mentioned  profiles.  This  observation  is  also 
supported  by  the  results  of  a  simulation  of  the  curtain’s  behaviour  during  acceleration  of  the  coating 
head.  As  a  liquid  curtain  possesses  a  very  low  stiffness,  a  shield  is  mounted  at  both  sides  of 
the  coating  head  to  protect  the  curtain  from  aerodynamic  forces  during  motion.  Figure  5  and  4 
show  cross-sections  of  a  backwards  bent  curtain.  The  following  section  covers  the  performed 
experiments  in  more  detail,  and  discusses  the  results. 
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Figure  4:  Horizontal  cross-section  of  a  liquid 
curtain  bending  backwards  during  motion.  The 
shields  are  protecting  the  curtain  from  aerody¬ 
namic  influences. 


Figure  5:  Vertical  cross-section  of  a  falling 
liquid  curtain  bending  backwards  during  mo¬ 
tion. 


Results  and  discussion 


A  first  issue  in  the  experiments  was  to  observe  up  to  which  maximum  peak  accelerations 
the  curtain  could  resist  without  breaking.  A  higher  peak  acceleration  shortens  the  acceleration 
length  needed  to  achieve  a  desired  speed  U,  thus  making  the  machine  shorter.  The  coating  head 
and  curtain  were  subjected  to  a  peak  acceleration  of  Ig  (9,8  m/s^),  both  with  a  2"^  and  4*^  order 
polynomial  acceleration  profile  to  reach  a  speed  U  of  0.9  m/s  only  after  an  acceleration  length  of 
respectively  62  mm  and  77  mm  for  the  2"'^  and  4***  order  polynomial  profile.  During  acceleration, 
maximum  backwards  bending  of  the  curtain,  as  defined  by  figure  5,  was  42  mm.  No  breakage  of 
the  curtain  was  observed.  These  observations  show  that  high  accelerations  are  no  limiting  factor 
for  high-speed  curtain  recoating.  Secondly,  the  feasibility  of  letting  the  curtain  move  at  speeds 
higher  than  1  m/s  was  investigated.  Due  to  the  limited  stroke  of  the  linear  drive,  the  maximal  speed 
tested  was  U  =  1.2  m/s.  To  reach  this  speed,  a  peak  acceleration  of  9.0  m/s^  was  used  and  the 
acceleration  length  was  respectively  120  mm  and  150  mm  for  the  2"^^  and  4*^  order  polynomial 
profile.  No  breakage  of  the  curtain  was  observed,  and  the  curtain’s  maximum  backwards  bending 
was  52  mm  with  respect  to  the  slot’s  position. 

However,  in  restoring  towards  its  flat  shape  after  acceleration  to  a  speed  U,  the  curtain  takes 
a  much  longer  time  than  would  be  expected.  As  the  curtain  must  return  to  its  flat  shape  before 
actual  coating  can  start,  the  observations  show  that  extra  length  has  to  be  added  to  the  travelling 
length  of  the  coating  head,  in  order  to  give  the  curtain  sufficient  time  to  reassess.  It  is  the  purpose 
of  this  paper  to  investigate  the  reasons  of  this  unwanted  slow  reassessment  of  the  curtain,  and  to 
formulate  a  possible  solution.  The  behaviour  of  the  curtain  during  acceleration  of  the  coating  head 
has  been  simulated.  A  two-dimensional  model  of  the  curtain  has  been  used  for  simulation,  thus 
assuming  a  curtain  of  infinite  width.  As  the  curtain  in  reality,  is  pinned  laterally  to  the  edge  guides, 
it  reaches  its  maximal  bending  in  the  middle.  This  pinning  of  the  curtain  at  its  lateral  ends  will 
undoubtedly  influence  the  amount  of  bending  in  the  middle,  as  the  curtain  is  not  free  to  deflect 
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as  a  whole.  Therefore,  the  simulation  will  always  yield  a  higher  deflection  than  experimentally 
observed.  It  is  not  a  purpose  of  this  paper  to  describe  the  simulation  in  detail.  What  does  matter  in 
this  stage  of  analysis,  is  that  the  model  is  able  to  qualitatively  predict  the  experimentally  observed 
behaviour  of  the  curtain. 


The  curtain’s  shape  is  governed  by  the  equations  of  Navier-Stokes  for  viscous  flow,  suitably 
transformed  to  be  used  for  liquid  sheets.  External  forces  acting  on  the  curtain  are:  gravitation, 
inertial  forces  due  to  the  acceleration,  and  aerodynamic  forces  induced  by  the  air  between  the 
curtain  and  the  two  shields.  The  influence  of  viscosity  and  surface  tension  was  also  modelled.  The 
aerodynamic  forces,  that  act  as  a  pressure  difference  between  the  curtain’s  front  and  back  side, 
are  most  subject  to  uncertainty.  The  reason  for  this  uncertainty  is  due  to  the  fact  that,  although 
the  shields  indeed  protect  the  moving  liquid  curtain  from  still  air,  an  amount  of  air  still  enters  the 
space  between  curtain  and  shield  through  a  gap  between  the  lower  edge  of  the  front  shield  and  the 
substrate.  The  shields  may  not  contact  the  liquid  substrate.  Therefore  the  shields  are  mounted  such 
that  a  gap  of  2  mm  is  left  between  them  and  the  substrate.  When  the  curtain  is  moving,  air  enters 
through  this  gap  into  the  space  between  curtain  and  shield.  The  liquid  curtain  will  subsequently 
have  to  deflect  the  inflowing  air  toward  its  lateral  ends,  where  the  air  is  free  to  escape.  Since  in 
this  case  the  curtain  is  moving  at  a  speed  U,  while  the  air  can  be  considered  to  be  at  rest,  the 
aerodynamic  forces  have  been  modelled  as  a  stagnation  pressure,  acting  as  a  pressure  difference 
between  the  curtain’s  front  and  back  side.  The  modelled  stagnation  pressure  relates  to  the  coating 
speed  U  according  to: 

P.S  =  (2) 


with  Pair  the  density  of  air.  This  pressure  is  very  low  1  Pa  when  U  -\. 2  m/s),  but  its  influence 
on  the  curtain  dynamics  is  nevertheless  tremendous,  because  the  bending  stiffness  of  the  curtain 
is  also  very  low.  According  to  our  model,  and  considering  a  steady  state,  a  constant  pressure 
difference  of  1  Pa  between  the  curtain’s  front  and  back  side  causes  the  curtain  to  deflect  by  70  mm 
at  its  lower  end,  measured  from  the  slot’s  position.  The  reader  should  bear  in  mind  that  the  length 
of  the  curtain  in  this  case  is  only  125  mm. 


With  this  in  mind,  and  in  order  to  qualitatively  predict  the  experimentally  observed  be¬ 
haviour,  the  reader  should  notice  from  figures  6  and  7  that  during  the  motion  at  constant  speed  U, 
the  curtain  shows  a  relaxation  towards  its  planar  shape.  The  relaxation  obviously  suggests  that  the 
pressure  difference  across  the  curtain  slowly  vanishes.  This  means  that  the  stagnation  pressure  in 
our  model  should  be  subject  too  to  a  relaxation,  which  was  implemented  as  an  exponential  decay 
of  the  stagnation  pressure.  As  the  dynamics  of  the  experimentally  observed  relaxation  are  not  clear 
yet,  the  relaxation  constant  of  the  modelled  exponential  decay  of  the  stagnation  pressure  is  found 
such  that  a  best  fit  between  the  experimental  data  and  the  model’s  results  is  achieved.  A  relaxation 
constant  r  0.2  sec  is  found  to  agree  best  with  all  data,  as  can  be  seen  in  figures  6  and  7. 


The  introduction  of  a  stagnation  pressure  is  open  for  discussion;  what  is  important  though, 
is  that  the  experimental  data  shows  that  the  curtain  first  deflects,  due  to  inertial  and  aerodynamic 
forces,  the  latter  ones  increasing  with  increasing  speed  U.  The  deflection  shows  afterwards  a  kind 
of  relaxation.  This  relaxation  is  mainly  caused  by  a  pressure  in  front  of  the  curtain,  that  has  built  up 
during  acceleration  and  is  now  disappearing  slowly.  A  first  possible  explanation  for  the  dynamics 


51 


Figure  6:  Plot  of  the  curtain’s  deflection  measured  at  its  lower  end  with  respect  to  the  slot’s  po¬ 
sition.  Both  experimental  data  and  simulation  results  are  plotted;  values  refer  to  lefty-axis.  The 
applied  acceleration  (2^  order  polynomial  profile,  Omax  =  2.7  m/s'^)  is  plotted,  together  with  the 
speed  of  the  coating  head  Umax  =0.9  m/s  (right  y-axis). 


Figure  7:  Plot  of  the  curtain’s  deflection  measured  at  its  lower  end  with  respect  to  the  slot’s  po¬ 
sition.  Both  experimental  data  and  simulation  results  are  plotted;  values  refer  to  lefty-axis.  The 
applied  acceleration  order  polynomial  profile,  Omax  ~  9.0  m/s^)  is  plotted,  together  with  the 
speed  of  the  coating  head  Umax  =  1.2  m/s  (right  y-axis). 


52 


of  the  relaxation  is  a  rearrangement  of  the  air  flow  in  the  space  between  the  curtain  and  the  air 
shield.  Once  a  constant  speed  U  has  been  achieved,  a  rearrangement  of  the  air  flow  could  drop  the 
pressure  in  the  direct  vicinity  of  the  curtain’s  front.  A  second  possible  explanation  is  a  pressure 
building  up  behind  the  curtain,  thereby  balancing  the  pressure  in  front  of  the  curtain.  The  dynamics 
of  this  pressure  build-up  could  reasonably  be  slower  than  the  ones  accounting  for  the  curtain’s 
front  pressure.  The  pressure  differences  occurring  in  this  problem  are  very  low  (magnitude  1  Pa). 
Since  pressure  differences  are  the  driving  force  behind  flows,  the  flow  rate  of  air  is  minimal  too, 
thereby  serving  as  a  possible  explanation  for  the  slow  relaxation.  Moreover,  the  compressibility 
of  air  certainly  affects  the  curtain’s  dynamics,  because  the  speed  of  propagation  of  a  pressure 
disturbance  is  finite  in  a  compressible  medium.  The  relaxation  constant  t ,  that  has  been  introduced 
in  our  simulation  is  thus  a  generic  parameter,  accounting  for  all  physical  effects  that  influence  the 
observed  relaxation. 

A  validation  of  these  assumptions  is  difficult,  since  the  pressure  measurements  are  diffi¬ 
cult  to  perform  because  of  their  small  magnitude  and  because  of  the  occurring  accelerations  that 
will  influence  the  measurements.  Another  approach  consists  in  visualising  the  streamlines  of  air 
around  the  curtain  in  a  wind  tunnel.  Such  a  test  would  be  incomplete  though,  due  to  the  inabili¬ 
ty  to  simulate  inertial  forces  acting  on  the  curtain.  Actually,  the  assumptions  could  be  tested  by 
experiments  aiming  at  influencing  the  relaxation.  If  the  relaxation  is  dependent  upon  a  presumed 
pressure  difference  between  the  curtain’s  middle  and  its  lateral  ends,  the  speed  of  relaxation  could 
be  increased  by  increasing  the  mentioned  pressure  difference.  A  second  solution  could  be  accom¬ 
plished  by  increasing  the  pressure  at  the  baek  of  the  curtain,  thereby  balancing  in  a  much  faster 
way  the  stagnation  pressure  that  has  built  up  in  front  of  the  curtain.  Anyway,  it  is  clear  that  there 
are  methods  to  dynamically  control  the  curtain’s  deflection  during  acceleration.  These  ideas  have 
not  been  implemented  yet,  but  will  be  a  research  topic  in  the  future.  They  are  needed  for  im¬ 
plementing  high-speed  curtain  recoating  for  stereolithography  while  maintaining  the  length  of  the 
coating  head’s  drive,  and  thus  the  machine  length  within  reasonable  proportions. 


Conclusion 


This  paper  has  discussed  preliminary  experiments  for  the  implementation  of  high-speed  curtain 
recoating  for  stereolithography.  Curtain  recoating  is  a  fast  technique  to  coat  even  very  thin  liquid 
layers.  The  terminology  ‘high-speed’  is  used  in  this  application  to  refer  to  coating  speeds  higher 
than  1  m/s.  Speeds  up  to  1.2  m/s  and  accelerations  up  to  Ig  have  been  tested  successfully,  without 
breakage  of  the  curtain.  A  main  problem  to  be  solved  is  the  curtain’s  slow  returning  to  its  flat  shape 
after  bending  due  to  acceleration.  In  this  respect,  the  curtain’s  dynamics  have  to  be  made  faster. 
Possible  solutions  to  this  problem  have  been  mentioned,  all  consisting  in  controlling  small  pressure 
differences  in  the  curtain’s  neighbourhood.  A  solution  is  necessary  as  to  make  the  machine  length 
acceptable  with  respect  to  the  dimensions  of  the  build  vat. 
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Abstract 

Spin  casting  has  been  widely  used  in  prototyping  industry  as  a  secondary  process  to  convert 
a  master  model  into  a  functional  metal  or  plastic  part.  The  main  problem  of  the  spin  casting 
process  consists  in  the  poor  thermal  conductivity  of  silicone  rubber  as  mold  material  which 
leads  to  a  long  cooling  time  between  each  casting  processes  and  also  to  a  short  life  time  of 
mold.  To  solve  this  problem,  different  cooling  methods  have  been  developed  and  compared  to 
each  other  experimentally.  First,  air  cooling  channel  has  been  integrated  into  the  spin  casting 
mold  to  enhance  the  heat  removal.  Secondly,  the  silicone  rubber  has  been  mixed  with  different 
metal  and  ceramic  powders  to  increase  its  thermal  conductivity.  The  results  so  far  prove  an 
applicability  of  the  developed  cooling  methods. 

1.  Introduction 

Spin  casting  is  a  secondary  process  to  produce  metal  and  plastic  parts  quickly  from  an 
existing  master  model.  It  is  especially  suitable  for  the  manufacture  of  die  casting  parts  since  the 
manufacture  of  dies  is  normally  very  time-consuming  and  expensive.  In  spin  casting,  a  silicone 
rubber  material  is  used.  Since  the  silicone  rubber  is  a  flexible  material  before  vulcanizing,  it 
can  be  easily  formed  around  the  master  model,  thus  making  the  mold  manufacture  fast  and  easy 
to  learn. 

Although  the  silicone  rubber  material  can  withstand  a  temperature  of  420  °C  and  thus 
allowing  the  use  of  low-melting  alloys  such  as  tin  and  zinc  for  casting,  it  has  a  low  thermal 
conductivity.  A  typical  value  for  the  thermal  conductivity  of  rubber  is  _=0.2  W/Km  [1].  This 
low  thermal  conductivity  leads  to  an  increasing  mold  temperature  in  the  course  of  casting 
process.  The  constant  heating-up  of  the  mold  has  a  damaging  effect  on  the  mold  surface  since  it 
can  be  worn  off  due  to  the  thermal  stress  or  even  burned  off.  To  avoid  such  a  damage,  it  is 
necessary  to  cool  down  the  mold  surface  between  each  shots  with  compressed  air  or  just  with 
natural  convection.  This,  however,  increases  the  total  cycle  time.  Also,  according  to  [2],  the 
deviation  increases  with  higher  mold  temperature.  For  this  reason,  it  is  necessary  to  cool  down 
the  mold  during  spin  casting,  thereby  keeping  the  mold  temperature  constant. 
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2.  Development  of  cooling  methods 


In  the  experiment,  a  spin  casting  equipment  of  Tekcast  is  used.  Since  the  mold  rotates  during 
the  casting  process,  it  is  rather  difficult  to  supply  a  constant  flow  of  coolant  from  the  outside 
into  the  mold  as  it  is  mostly  done  in  conventional  injection  molding.  A  closed  loop  of  coolant 
flow  also  imposes  a  serious  problem  regarding  the  proper  sealing  of  the  mold.  Under  the 
circumstances,  air  seems  preferable  to  water.  Also  in  view  of  easier  integration  into  the  existing 
spin  casting  equipment,  air  cooling  seems  a  better  choice  than  water  cooling.  To  realize  an  air 
cooling  system,  the  center  of  the  shaft  coaxial  to  the  pneumatic  cylinder  is  modified  to  let  the 
air  flow  into  the  inside  of  the  mold,  as  shown  in  Fig.  1.  To  connect  the  lower  and  the  upper 
mold,  a  plastic  tube  is  used.  By  this  means,  the  air  flows  from  the  lower  part  of  the  mold  to  the 
upper  part. 


MOLD  COVER  PLATE 


Fig.l  :  Flow  of  cooling  air  through  the  mold 

The  way  how  the  mold  is  fabricated  offers  a  great  flexibility  to  design  the  cooling  channel 
into  the  inside  of  the  mold.  According  to  the  thickness  of  a  master  model  used,  an  appropriate 
number  of  silicone  rubber  discs  are  stacked  on  each  other.  To  implement  an  internal  cooling 
channel  in  the  mold,  the  copper  pipes  are  then  inserted  between  those  silicone  rubber  discs, 
preferably  directly  beneath  the  cavity  surface.  Fig.  2.  The  copper  pipes  can  be  bended  prior  to 
the  insertion  and  in  this  way  different  shapes  of  the  cooling  channel  can  be  realized.  After 
vulcanizing  of  the  silicone  rubber  discs,  the  pipes  are  then  firmly  included  in  the  mold.  With 
regard  to  a  high  thermal  conductivity  around  the  cooling  channel,  it  is  recommendable  to  let  the 
copper  pipes  in  the  inside  of  the  mold. 
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In  order  to  enhance  the  cooling  effect  in  the  mold  during  air  cooling,  it  is  tried  to  increase 
the  thermal  conductivity  of  the  mold  locally  around  the  cavity.  A  commonly  used  method  for 
this  purpose  is  to  add  a  high  thermal  conductivity  material  to  the  mold  material.  For  example,  a 
high  thermal  conductivity  metal  powder  such  as  aluminum  is  added  to  the  UV-curable  resin 
which  is  then  used  in  SLA  process  to  make  a  mold  for  low  temperature  molding  process  [3,  4]. 
Two  metal  powders,  copper  (_=350  W/Km)  and  aluminum(_=221  W/Km),  as  well  as  two 
ceramic  powders,  alumina  (_=27.6  W/Km)  and  silicon  nitride  (16-33  W/km),  are  used  in  the 
experiment.  Although  ceramics  have  lower  thermal  conductivities  compared  to  those  of  metals, 
ceramics  offer  a  higher  heat  resistance,  thus  protecting  the  mold  surface  better  than  metals  at 
higher  casting  temperature.  The  powder  size  of  used  powder  materials  is  between  15-40  _m. 


Fig.  2:  Copper-mixed  cavity  and  cooling  pipes  in  the  spin  casting  mold 

3.  Comparison  of  different  cooling  methods 

To  measure  how  effective  each  cooling  methods  are,  molds  with  and  without  internal 
cooling  channel  are  compared  to  each  other  regarding  their  surface  temperatures.  The 
experimental  parameters  are  as  follows: 


Clamping  pressure; 

Rotating  speed: 

Melting  temperature  of  zinc: 
Pouring  time: 

Flow  rate  of  cooling  air: 


4000  PSI 
500  rpm 
410  °C 
1  min. 

140-150  1/min 


In  case  of  in-process  cooled  molds,  the  cooling  effect  of  the  combination  of  air  cooling  with 
the  copper-mixed  cavity  is  compared  to  that  of  the  solely  air  cooled  mold  as  well  as  to  that  of 
the  copper-mixed  cavity  without  air  cooling.  The  weight  mix  ratio  of  silicone  rubber  to  copper 
is  3:2.  After  each  shot,  the  surface  temperature  of  the  molds  is  measured.  As  shown  in  Fig.  3, 
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the  surface  temperature  of  a  mold  without  any  cooling  reaches  140  °C  after  20  shots  and  then 
remains  almost  constant  at  that  temperature.  If  air  is  supplied  to  the  mold,  the  surface 
temperature  is  reduced  to  1 10  °C.  This  result  means  that  even  a  simple  air  supply  into  the  mold 
is  an  effective  cooling  method. 


—m— 

Cu-mixed 

cavity 

silicone 

rubber 

—A— 

silicone 
rubber  +  air 
cooling 

Cu-mixed 
cavity  +  air 
cooling 

Number  of  shots 


Fig.3:  Surface  temperatures  of  molds  cooled  with  different  cooling  methods 

The  high  surface  temperature  of  the  copper-mixed  mold  around  160  °C  proves  that  the 
addition  of  copper  to  silicone  rubber  increases  the  thermal  conductivity  of  the  cavity  and  thus 
making  it  a  heat  sink.  When  cooled  with  air,  the  surface  temperature  drops  to  100  °C,  which  is 
around  10  °C  lower  than  that  of  the  pure  silicone  rubber  mold  cooled  with  air.  This  result 
implies  that  the  combination  of  copper-mixed  mold  with  air  cooling  can  be  used  if  air  cooling 
of  silicone  rubber  mold  alone  is  not  sufficient  enough. 

In  case  of  aluminum-mixed  molds,  the  surface  temperature  also  increases  to  around  160  °C 
if  no  air  cooling  is  additionally  used.  Fig.  4.  When  air  is  supplied,  the  surface  temperature 
decreases  to  around  120  °C.  Compared  to  that  of  the  pure  silicone  rubber  mold,  however,  this  is 
no  distinct  temperature  difference,  the  reason  being  that  the  mix  ratio  of  silicone  rubber  and 
aluminum  is  not  optimal  yet.  The  ceramic-mixed  molds  also  show  no  distinct  cooling  effect 
compared  to  that  of  the  pure  silicone  rubber  mold.  However,  the  ceramic-added  molds  show 
less  surface  bum  after  several  shots.  Therefore,  in  terms  of  the  surface  protection,  the  addition 
of  ceramic  powder  gives  a  distinct  advantage  over  the  use  of  pure  silicone  rubber  mold. 
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Fig.  4;  Surface  temperatures  of  molds  mixed  with  different  materials 

4.  Conclusion 

It  was  aimed  to  develop  an  in-process  cooling  method  for  spin  casting  process.  Two  cooling 
methods  are  proposed:  First,  an  insertion  of  internal  cooling  channel  with  copper  pipe  for  air 
cooling  and  second,  an  increase  of  thermal  conductivity  of  mold  by  mixing  the  silicone  rubber 
with  a  high  thermal  conductivity  material.  The  result  of  the  investigation  shows  that  a  cooling 
effect  can  be  already  achieved  when  compressed  air  is  supplied  into  the  mold  through  the 
copper  cooling  pipes.  By  this  means,  the  surface  temperature  can  be  decreased  by  around  30 
°C.  The  cooling  effect  can  be  enhanced  if  materials  of  higher  thermal  conductivity  such  as 
copper  are  added  to  the  silicone  rubber  in  the  cavity  area.  Among  the  tested  materials,  copper 
shows  the  best  cooling  effect.  In  case  of  the  copper-mixed  mold  with  air  cooling,  the  surface 
temperature  is  even  reduced  by  around  40  °C.  This  result  clearly  indicates  the  effectiveness  of 
the  developed  cooling  methods.  Regarding  the  surface  protection  during  spin  casting,  ceramic 
materials  offer  a  distinctive  advantage  over  metals  and  pure  silicone  rubber  mold.  In  future 
work,  the  influence  of  mold  cooling  temperature  on  the  part  accuracy  has  to  be  investigated  in 
detail. 
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act 


Others  have  used  Laser  Chemical  Vapor  Deposition  (LCVD)  to  create  3-D  fibrous 
structures  and  helical  springs.  Current  research  efforts  focus  on  the  creation  of  more  advanced 
three-dimensional  carbon  objects  through  the  use  of  multi-layered  deposition.  Multi-layered 
structures  require  an  understanding  of  interlayer  adhesion  and  the  propagation  of  geometric 
anomalies  through  multiple  layers.  An  important  aspect  in  minimizing  these  shape  anomalies  is 
the  implementation  of  closed  loop  temperature  control.  Several  laminated  carbon  structures  are 
presented  with  discussions  and  observations  about  the  fabrication  process  and  visual 
characteristics  of  each.  The  major  issues  in  using  LCVD  to  create  multi-layer  carbon  structures 
are  addressed. 

Introduction 


Numerous  previous  attempts  at  constructing  layered  deposits  using  LCVD  have  been 
made.  Such  efforts  have  typically  produced  non-uniform  periodic  deposits  or  dimensionally 
unstable  structures.  There  is  a  belief  that  the  general  nature  of  the  LCVD  process  is  responsible 
for  these  irregularities.  The  existence  of  substrate  protrusions  and  the  creation  of  abnormalities 
in  one  layer  of  a  deposit  are  thought  to  be  amplified  in  each  successive  layer.  This  behavior 
stems  from  localized  heating  of  surface  irregularities  causing  increased  local  deposition  rates. 
Online  monitoring  and  control  of  the  reaction  is  necessary  to  enable  consistent  and  uniform 
deposition. 

Recent  efforts  have  been  made  to  determine  the  feasibility  of  building  multi-layered 
pyrolytic  carbon  structures  using  a  temperature  controlled  LCVD  process.  All  structures  built 
for  this  objective  were  created  using  a  multiple  pass  process  whereby  the  substrate  was  either 
translated  along  one  axis  in  alternating  directions  of  travel  or  in  a  continuous  circular  pattern. 
The  resulting  structures  were  multi-layered  carbon  walls  or  cylinders  conceptually  similar  to 
those  presented  by  Messia,  et  al.^  Theoretically,  this  construction  technique  will  create  layers 
that  are  intimately  bonded  producing  a  final  structure  that  could  exhibit  either  bulk  solid  or 
laminated  solid  properties.  Many  observations  were  made  during  the  construction  of  the  walls 
with  regard  to  a  new  temperature  control  system  and  the  general  nature  of  the  deposits.  Some 
deposits  were  cut  and  polished  so  as  to  provide  a  view  of  the  cross  section  of  the  walls  and  thus 
allow  inspection  of  their  integrity.  Analysis  of  the  cross  sections  and  other  features  of  the  walls 
provide  insight  into  the  use  of  LCVD  to  create  multi-layered  structures. 
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Experimental  Setup 


Georgia  Tech’s  LCVD  reactor  is  powered  by  a  100  W  CO2  laser  with  a  200  pm  diameter 
spot  size.  The  system  incorporates  a  fixed  laser  and  reagent  supply  nozzle  with  several  motion 
stages  enabling  the  reactor  to  create  three-dimensional  objects  by  traversing  and  rotating  the 
substrate.^’"*  The  control  of  the  plane  geometry  of  the  structures  was  accomplished  by 
programming  the  substrate  stages  to  move  in  the  desired  patterns.  The  most  typical  deposits  that 
have  been  made  in  this  manner  at  Georgia  Tech  have  been  of  pyrolytic  carbon;  using  the  reagent 
gases  methane  and  hydrogen  at  or  below  atmospheric  pressure.  All  experiments  described  here 
used  75%  CH4,  25%  H2.  The  pressure  in  the  reaction  zone  was  held  at  1  atm  and  the  reagent 
nozzle  flow  was  set  to  300  seem  CH4  and  100  seem  H2. 

Layered  line  growth  using  the  LCVD  process  is  dependant  on  several  environmental 
variables  that  can  greatly  affect  the  rate  and  type  of  deposit  that  is  produced.  The  most  important 
of  these  is  temperature.  Some  of  the  experiments  presented  below  utilized  a  precision 
temperature  control  system.  The  temperature  control  was  accomplished  through  use  of  a  thermal 
imaging  camera  capable  of  resolving  the  temperature  in  the  region  of  the  laser  spot  to  3.5  pm  per 
pixel.  The  camera’s  software  allows  for  the  creation  of  one  or  more  ‘Regions  Of  Interest’ 
(ROIs)  within  which  the  average  temperature  can  be  calculated.  The  average  ROl  temperature  is 
fed  back  to  a  PID  controller  for  the  laser  power  so  as  to  maintain  a  target  temperature  as  set  by 
the  operator.  ROIs  for  these  experiments  were  typically  areas  of  about  0.246  mm^  and 
temperature  set  points  for  the  regions  were  varied  between  1600  and  1700°C.  Note  that  the  ROI 
temperature  does  not  necessarily  correspond  to  the  substrate  temperature,  but  is  a  useful  means 
for  controlling  the  LCVD  reaction. 

Another  factor  in  building  layered  structures  is  the  speed  at  which  the  substrate  is 
traversed  beneath  the  laser  spot,  i.e.  the  scan  speed.  Many  different  speeds  have  been  tested,  and 
the  tendency  for  heat  to  conduct  away  through  the  substrate  during  the  initial  stages  of  a  wall 
enforces  an  upper  limit  on  the  initial  scan  speed.  A  lower  limit  is  also  imposed  on  the  scan  speed 
below  which  deposits  may  begin  growing  away  from  the  substrate  into  fibers. The  fastest 
speed  that  has  been  used  thus  far  with  successful  initiation  under  the  given  conditions  has  been 
about  42.3  pm/s  and  thus  was  used  for  these  experiments. 

A  final  factor  in  making  deposits  is  the  substrate  material.^  The  Georgia  Tech  system 
uses  a  sacrificial  substrate  system,  and  these  particular  experiments  used  two  graphite  disk 
substrates  with  different  levels  of  porosity. 

Results 


Experimentation  with  deposition  of  multi-layered  carbon  structures  without  a  means  of 
automatically  controlling  temperature  and  laser  power  yielded  some  interesting  results  that  are 
consistent  with  the  findings  of  others.^  The  procedure  was  typically  to  bring  the  reactor  to 
running  conditions  and  simultaneously  begin  translating  the  substrate  and  initialize  the  laser  to  a 
specific  power  level.  Sometimes,  the  laser  power  was  not  altered  throughout  the  course  of  the 
experiment  while  other  experiments  involved  some  systematic  manual  reduction  in  laser  power 
as  the  wall  height  and  number  of  layers  increased. 
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The  deposits  exhibit  non-uniform  morphology  and  size.  In  particular,  the  laminated  walls 
tend  to  develop  large  obtrusions  on  their  ends  while  the  center  regions  maintain  a  more  uniform 
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Figure  1.  Carbon  walls  made  without  process  control. 


The  end  obtrusions  are  likely  related  to  several  factors.  One  possible  factor  is  the 
tendency  for  the  linear  translating  stage  to  decelerate  upon  completion  of  a  pass  causing  the  end 
of  the  line  to  be  exposed  to  higher  temperatures.^  A  related  factor  involves  the  possibility  of  the 
stage  pausing  at  the  end  of  a  pass  causing  the  same  phenomenon.  In  order  to  study  the  stage 
deceleration  and  pause  factors,  a  control  program  was  implemented  to  turn  off  the  laser  prior  to 
the  end  of  linear  movement  and  restart  the  laser  at  the  same  position  on  the  next  pass.  Figure  2 
illustrates  the  concept  of  this  control  program.  The  implementation  of  the  stage  translation 
program  had  no  significant  impact  on  the  end  irregularity. 


Laser  On 


Stage  Movement 


Figure  2.  Diagram  of  stage  control  program  used  to  study  relationship  between  stage  movement 

and  line  end  irregularities.’ 

Another  possible  source  of  the  obtrusions  is  related  to  heat  transfer  within  the  deposit  and 
substrate.  Initially,  residual  heat  from  the  preceding  laser  pass  leads  to  higher  local  substrate 
temperatures  and  an  increased  deposition  rate.  As  the  wall  height  increases,  the  nature  of  the 
heat  conduction  path  changes  such  that  the  heat  at  the  ends  of  the  wall  can  conduct  easily  along 
the  wall  in  only  one  direction,  whereas  the  heat  in  the  center  region  of  the  wall  can  conduct  in 
two  directions  along  the  wall.  During  the  deposition  of  such  laminated  structures  as  discussed 
above,  observations  were  made  through  the  thermal  imaging  camera  as  to  the  behavior  of  the 
temperature  within  the  laser  spot.  It  was  observed  that  the  ends  of  the  lines  exhibited  higher 
temperatures  earlier  in  the  deposition  process  as  is  consistent  with  the  shape  of  the  resulting 
deposits.  Active  temperature  control  can  eliminate  these  undesirable  end  effects. 
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Also  noteworthy  in  Figure  1  is  the  appearance  of  a  crevice  in  the  center  of  the  deposit. 

This  ‘volcano  effect’  could  be  detrimental  to  the  use  of  LCVD  in  producing  precise  geometric 
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objects,  but  has  been  shown  to  be  a  temperature  or  power  density  related  phenomena. 
According  to  Jean,  the  volcano  effect  for  carbon  using  a  methane  precursor  appears  when 

n 

maximum  deposit  zone  temperatures  exceed  2500°C.  This  effect  reiterates  the  need  for  a 
suitable  temperature  control  system  in  the  LCVD  process. 

Two  grades  of  graphite  substrates  were  tested  for  carbon  deposition  and  the  best  results 
have  been  produced  using  the  higher  porosity  graphite.  It  is  theorized  that  low  porosity  graphite 
is  more  conductive  and  allows  the  heat  generated  by  the  laser  spot  to  conduct  away  faster  leading 
to  longer  deposit  initiation  times.  Use  of  porous  graphite  would  seem  to  encourage  the  creation 
of  irregularities  due  to  surface  roughness;  however,  there  were  no  apparent  morphological 
differences  between  the  deposits  produced  on  the  different  substrates. 


The  implementation  of  automatic  temperature  control  has  allowed  for  significant 
advances  in  the  ability  to  deposit  uniform  multi-layer  carbon  structures.  The  setup  of  the 
temperature  control  system  used  in  these  experiments  was  presented  above.  Figure  3  presents  an 
image  from  the  thermal  imaging  and  control  system  during  wall  deposition. 


Scan  Direction 


Figure  3.  Thermal  image  captured  during  deposition  with  temperature  control. 

Laminated  deposits  created  using  the  temperature  control  system  exhibited  reduced 
occurrences  of  end  obtrusions  and  the  volcano  effect.  The  elimination  of  the  end  effects  with 
temperature  control  is  due  to  the  system’s  ability  to  automatically  compensate  for  the  increased 
local  temperatures  on  the  line  ends  by  reducing  laser  power.  Experimentation  showed  that  the 
volcano  effect  could  be  eliminated  by  maintaining  a  temperature  set  point  below  1700  °C  for  the 
given  ROI.  Figure  4  illustrates  a  typical  laminated  carbon  wall  built  using  the  stated  conditions. 
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Figure  4.  Twenty  pass  wall  deposited  using  temperature  control.' 

The  surface  morphology  of  the  walls  was  examined  using  a  scanning  electron  microscope 
(SEM).  Figure  5a  illustrates  a  view  of  the  top  surface  of  a  wall  showing  a  rippled  form.  Figure 
5b  depicts  the  side  of  a  wall.  The  side  appears  homogenous  yet  slightly  stratified  in  accordance 
with  the  individual  number  of  wall  layers. 


*'  '  C  if'k: 


(a)  (b) 

Figure  5.  Surface  appearance  of  carbon  walls. 
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Examination  of  Microstructure 


Internal  analysis  of  the  structures  produced  in  these  experiments  yielded  some  interesting 
findings.  Several  samples  were  mounted  in  epoxy,  cut,  and  polished  to  allow  for  examination  of 
the  cross  section  of  the  walls.  Figure  6  is  an  example  of  such  a  cross  section. 
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Figure  6.  Cross-section  of  multi-layer  carbon  wall. 


One  should  first  note  the  uniform  density  of  the  deposit.  Individual  layers  of  the  wall  can 
easily  be  seen  in  Figure  6.  It  is  believed  that  some  of  the  less  defined  black  marks  in  the  photo 
are  artifacts  of  sample  preparation  such  as  residue  from  the  polishing  operation.  The  basic  form 
of  the  deposit  has  the  characteristic  volcano  shape,  which  appears  to  diminish  with  increasing 
numbers  of  layers.  The  diminishing  of  the  volcano  effect  with  height  is  evidence  that  a 
temperature  controlled  process  can  eliminate  sizeable  interlayer  voids.  An  important  feature 
observed  in  the  cross  section  are  cracks  believed  to  be  related  to  thermal  stress  between  layers  of 
deposit.  One  proposed  method  for  addressing  these  cracks  involves  using  a  substrate  heater  to 
bring  the  substrate  temperature  closer  to  the  reaction  temperature  and  reduce  the  thermal 
gradients  within  the  deposited  structure.  A  substrate  heater  has  been  implemented  into  the 
reactor,  but  experiments  to  determine  its  effectiveness  have  not  yet  been  conducted. 


Some  features  of  the  deposit  likely  stem  from  a  lack  of  robustness  in  the  existing  LCVD 
system.  For  example,  the  variation  in  the  horizontal  position  of  the  layers  as  the  height  of  the 
wall  increases  could  be  due  to  straightness  error  associated  with  the  linear  stage  specified  to  be 
±2.5  pm/25  mm.  This  can  be  seen  in  Figure  6,  where  the  layers  offset  the  width  of  the  deposit 
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by  up  to  10  pm.  The  variations  could  also  be  caused  by  lack  of  rigidity  in  the  mounting  design 
for  the  stages. 

Figure  7  is  another  wall  cross  section  that  illustrates  the  integrity  of  the  multi-layer 
carbon  walls.  This  sample  does  not  show  evidence  of  the  volcano  effect.  The  lower  layers  of  the 
structure  have  a  more  rippled  interface  than  the  upper  layers  which  again  illustrates  the 
importance  of  the  temperature  control  process  in  dampening  the  effects  of  local  abnormalities. 
This  structure  does  not  have  the  horizontal  oscillations  shown  in  Figure  6. 
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Figure  7.  Cross  section  of  wall  without  any  volcano  effects. 


Conclusions 


Experiments  have  shown  that  a  temperature  controlled  LCVD  process  is  capable  of 
growing  multi-layered  pyrolytic  carbon  structures.  The  propagation  of  irregularities  through  the 
structures  is  reduced  by  the  control  process,  resulting  in  a  xmiform  deposit  with  a  flat  top  and 
straight  side  walls.  Viewing  of  the  wall  cross  sections  indicates  a  generally  solid  internal 
structure,  free  of  large  voids  or  defects.  The  interlayer  bonding  may  be  adversely  affected  by  the 
thermal  stresses  associated  with  the  laser  heating.  These  thermal  stresses  could  be  the  source  of 
cracks  shown  in  Figure  6.  More  testing  is  required  to  determine  the  extent  of  this  apparent 
cracking  and  its  impact  on  the  functionality  of  LCVD  multi-layered  structures.  In  conclusion, 
we  believe  this  work  to  be  an  important  building  block  for  the  future  creation  of  more  complex 
3D  layered  structures. 
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Abstract 


Infiltration  of  powdered  metal  parts  made  by  SFF  processes  enables  densification  with 
negligible  dimensional  change,  but  typically  uses  a  dissimilar  infiltrant  material  resulting  in  poor 
corrosion  resistance,  machinability,  and  a  heterogeneous  composition  inconducive  to 
certification  for  critical  applications.  A  new  approach  called  transient  liquid-phase  infiltration  is 
described  using  an  infiltrant  composition  similar  to  that  of  the  powder  skeleton,  but  containing  a 
melting  point  depressant.  Upon  infiltration,  the  liquid  imdergoes  diffusional  solidification  at 
infiltration  temperature  and  eventually  the  composition  becomes  homogeneous.  Parts  over  20 
cm  tall  have  been  fabricated  through  careful  selection  of  skeleton  and  infiltrant  compositions, 
skeleton  powder  size,  and  infiltration  technique.  The  work  presented  in  this  paper  uses  a  nickel- 
silicon  alloy  to  infiltrate  a  skeleton  of  pure  nickel  powder. 

Introduction 


Several  Solid  Freeform  Fabrication  technologies  use  powdered  metal  as  the  raw  material 
to  produce  a  net  shape  part  skeleton  that  is  less  than  70%  dense.  The  skeleton  must  then  undergo 
further  processing  to  achieve  full  density  and  the  desired  mechanical  properties.  The 
densification  is  typically  done  either  by  light  sintering  and  infiltration  with  a  lower  melting 
temperature  alloy  or  by  high  temperature  sintering  alone.  In  the  first  method  of  densification,  the 
part’s  dimensional  change  is  typically  only  ~1%,  making  it  suitable  for  fairly  large  (~0.5  m  on  a 
side)  parts.  However,  the  resulting  material  composition  is  a  heterogeneous  mixture  of  the 
powder  material  and  the  lower  melting  temperature  infiltrant,  often  with  poor  machinability  and 
corrosion  resistance.  In  critical  applications  such  as  structural,  aerospace  and  military,  a  material 
of  homogeneous  composition  is  preferable  for  certification.  Sintering  the  powder  to  full  density 
will  result  in  a  homogeneous  final  material,  but  a  part  will  undergo  ~15%  linear  shrinkage  if  it 
starts  out  at  60%  density.  For  this  reason,  full  density  sintering  is  typically  only  used  for  smaller 
(<  5  cm  on  a  side)  parts. 

This  paper  describes  a  process  for  making  large,  homogeneous  parts  fi'om  a  powder 
skeleton  using  an  infiltrant  material  similar  in  composition  to  the  skeleton  material,  with  the 
addition  of  a  small  amount  of  melting  point  depressant.  The  liquid  infiltrant  fills  the  void  space 
in  the  skeleton,  then  undergoes  diffusional  solidification  to  achieve  a  homogeneous  final  part 
composition.  The  process  is  shown  schematically  in  Figure  1  and  is  referred  to  here  as  Transient 
Liquid-phase  Infiltration  (TLI)  due  to  the  phase  transition  of  the  infiltrant.  In  some  cases  the 
diffusional  solidification  can  prevent  the  infiltrant  from  filling  a  part  skeleton.  Determination  of 
conditions  that  allow  complete  infiltration  is  a  major  focus  of  this  work. 
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A  nickel-based  material  system  was  ehosen  for  development  of  the  TLI  coneept  because 
transient  liquid-phase  nickel  brazing  alloys  are  commonly  used  in  the  aerospace  industry  and 
nickel  alloys  are  of  interest  in  some  DoD  applications.  Silicon  was  chosen  as  the  melting  point 
depressant  primarily  because  it  has  a  lower  difflisivity  than  boron 
and  phosphorous,  the  other  common  melting  point  depressant  in 
nickel  brazing  alloys.  In  addition,  silicon  has  a  high  enough 
solubility  in  nickel  to  allow  complete  solidification  at  the 
infiltration  temperature.  Figure  2  shows  the  nickel-rich  side  of 
the  binary  Ni-Si  phase  diagram'  and  points  out  the  composition 
of  the  skeleton  and  infiltrant  as  well  as  the  resulting  homogenized 
composition  at  an  infiltration  temperature  of  1180°C.  The 
diffusivity  of  the  melting  point  depressant  affects  the  amount  of 
time  the  liquid  has  to  fill  the  skeleton  before  it  freezes.  The 
diffusivity  of  Si  in  Ni  is  ~10‘'^  m^/s  at  1200°C,  resulting  in  a 
characteristic  diffusion  distance  of  ^AD-t  =  5  |im  after  1  minute. 

This  is  a  sufficiently  small  distance  to  allow  infiltration  of  nickel 
powders  greater  than  50  mierons  in  diameter. 


1300 

Skeleton 


10 

Percent  Si 


Wt 

Figure  2:  Ni-Si 
phase  diagram. 


Study  of  Fluid  Flow  and  Infiltration  Rate 


Infiltration  is  the  result  of  capillary  induced  pressure  driving  the  fluid  into  the  skeleton. 
In  a  non-reactive  system,  fluid  will  continue  to  flow  into  the  skeleton  until  the  gravitational  head, 
pgh,  balances  the  capillary  force.  The  maximum  capillary  rise  height  can  be  calculated 
accordingly: 


Pg 


LV 


■cos(0)S^ 


^6y(l-g) 

Depg 


(1) 


where  h  is  fluid  height,  p  is  the  fluid  density,  g  is  gravity,  Ylv  is  the  liquid/vapor  interfacial 
energy,  6  is  the  contact  angle  of  the  liquid  to  the  solid,  Sp  is  the  surface  area  of  the  pore  space 
and  Vp  is  the  volume  of  the  pore  space.^  The  right  most  term  in  the  equality  lumps  the  wetting 
angle  into  the  surface  energy  term  7  =  7^^  •  cos(0),  and  assumes  the  powder  bed  is  composed  of 

uniform  spheres  of  diameter  D  with  a  void  fraction  e  to  substitute  for  the  ratio  of  surface  area  to 
volume.  Due  to  the  high  surface  energy  of  most  liquid  metals,  a  skeleton  of  100  |im  powder  will 
typically  result  in  capillary  rise  heights  greater  than  1  meter.  In  TLI,  this  equilibrium  condition 
may  not  be  reached  before  the  infiltrant  freezes. 
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Because  the  liquid  has  a  limited  amount  of  time  available  to  fill  the  skeleton,  it  is 
necessary  to  study  the  fluid  flow  behavior.  Darcy’s  Law  describes  the  flow  of  viscous  fluid 
through  porous  media,  stating  that  the  pressure  gradient  will  be  directly  proportional  to  the 
volume-averaged  velocity  of  the  fluid: 

vp  =  -^r 

K 

where  H  is  the  fluid  viscosity  and  K  describes  the  permeability  of  the 
porous  body.  The  permeability  of  various  powder  skeletons  was 
determined  by  measuring  the  flow  rate  of  oil  (Multitherm  503) 
through  the  skeletons  at  room  temperature  under  known  pressure 
conditions  as  shown  in  Figure  3  at  right.^  Skeletons  for  these  and  all 
subsequent  experiments  were  composed  of  hydrometallurgically 
processed  nickel  powder  sintered  at  1200°C  for  1  hour.  Skeletons  of 
90-125  |im  and  212-300  |im  powder  resulted  in  permeabilities  of 
5.0  X  10'’^  m^  and  1.7  x  10'”  m^  respectively. 

Figure  3:  Permeametry. 
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The  rate  of  infiltration  into  the  skeleton  was  measured  experimentally  and  compared  to  a 
model  of  the  fluid  flow  based  on  Darcy’s  Law.  The  model  uses  the  same  assumptions  as 
Equation  1  for  the  capillary  driving  force  with  an  extra  term  for  the  head  losses  due  to  gravity: 
dh  K(6y(\-e) 


dt  EfX 


Deh 


-Pg 


Experiments  were  conducted  at  room  temperature  with  oil  and  the  results  are  shown  in  Figure  4. 
The  measured  permeability  predicted  a  slightly  faster  infiltration  than  that  observed 
experimentally,  so  a  second  curve  is  shown  with  permeability  selected  to  match  the  experimental 
data.  This  permeability  was  40%  less  than  that  measured  by  permeametry. 
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Figure  4:  Infiltration  rate  experiments  with  oil  at  room  temperature. 


Measurements  of  the  infiltration  height  of  liquid  metal  inside  the  furnace  was  not  directly 
observable,  so  the  rate  of  infiltration  was  calculated  based  on  mass  increase.  Figure  5 
schematically  shows  the  apparatus  used  to  measure  the  mass  of  the  skeleton  during  a  transient 
liquid  phase  infiltration  of  a  similar  skeleton,  along  with  experimental  results.  The  skeleton  was 
suspended  from  a  0.010”  diameter  molybdenum  wire  and  the  force  on  the  wire  was  measured  via 
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a  load  cell  and  a  datalogger  at  0.05  second  intervals.  The  contribution  due  to  surface  tension  was 
subtracted  from  the  measured  force,  and  the  resulting  value  was  converted  to  infiltration  height 
by  dividing  by  the  density  of  the  liquid  and  the  cross-sectional  area  and  void  fraction  of  the 
skeleton.  The  model  of  the  fluid  flow  is  shown  for  the  same  skeleton  permeability  values  as 
Figure  4,  with  the  fluid  properties  of  the  liquid  metal  substituted  for  those  of  oil. 


Load  cell 


Figure  5:  Infiltration  rate  experiments  with  molten  metal  and  mass  measurement  setup. 


Comparison  of  Figures  4  and  5  demonstrates  that  the  time  scale  of  the  liquid  metal 
infiltration  is  much  faster  than  for  infiltration  with  oil.  This  differenee  arises  because  the  surface 
tension  is  ~50  times  greater  for  the  liquid  metal.  The  significant  deviation  of  the  experimental 
results  in  Figure  5  from  the  model  prediction  can  be  explained  by  the  “choking”  effect  of  the 
infiltrant  solidifying  as  it  flows  into  the  part.  The  next  section  will  describe  the  attempt  to 
characterize  this  solidification  behavior. 

Solidification  Ouenchin2  Experiments 

The  solidification  rate  was  measured  experimentally  through  a  series  of  quenching 
experiments.  A  bundle  of  50  |J.m  diameter  nickel  wires  was  sintered  and  then  the  bundle  was 
dipped  into  a  bath  of  molten  Ni-lOSi  infiltrant.  After  holding  at  the  infiltration  temperature  for 
variable  time  periods,  the  samples  were  air  quenched.  The  samples  were  then  sectioned  and 
electropolished  to  reveal  the  microstructures  shown  in  Figure  6  below.  Wire  was  used  instead  of 
powder  so  that  the  motion  of  the  solidification  front  could  be  referenced  to  the  initial  wire 
diameter  and  all  motion  would  be  perpendicular  to  the  cross-sectioned  view.  Dashed  white  lines 
have  been  superimposed  on  the  images  to  show  the  initial  wire  diameter.  The  outward 
progression  of  the  solidification  front  can  be  seen  by  comparing  the  pictures  in  sequence.  The 
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area  with  a  eutectic  microstructure  reveals  the  part  of  the  sample  that  was  liquid  at  the  time  of  the 
quench,  and  is  bordered  by  the  solidification  front.  The  black  crevice  that  appears  within  the 
dashed  white  circle  is  an  effect  of  the  electropolishing  used  to  reveal  the  microstructure.  The 
crevice  corresponds  to  the  distance  to  which  silicon  diffused  into  the  initially  pure  nickel 
powder.  A  planar  diffusion  couple  would  result  in  a  compositional  profile  of  an  error  function 

with  characteristic  diffusion  distance  ^AD-t .  For  a  diffusivity  of  silicon  through  nickel  of  7.85 
X  10''"  m^/s  at  1180°C,''  this  distance  would  be  1.8,  5.6  and  9.7  microns  for  10,  100  and  300 
seconds  respectively.  These  expected  diffusion  distances  correspond  reasonably  well  with  the 
observations  in  Figure  6,  especially  considering  the  difference  in  geometry. 


Liauid  Solidification  front  Inner  black  crevice 


After  10  sec  at  11 80°C  After  100  sec  at  11 80°C  After  300  sec  at  11 80°C 


Figure  6:  Optical  micrographs  showing  sequence  of  infiltrated  bundles  of  50  pm  nickel  wire. 

Infiltration  Distance  Limits 


In  order  to  maximize  the  distance  the  infiltrant  can  reach  before  freezing  in  TLI,  a  gating 
mechanism  is  used  to  prevent  the  infiltrant  from  contacting  the  skeleton  prior  to  infiltration. 
Premature  contact  would  allow  diffusion  to  occur  and  the  infiltrant  to  freeze  just  as  it  begins  to 
melt.  Other  problems  could  arise  if  liquid  begins  to  flow  before  the  system  has  reached 
thermodynamic  equilibrium.  Several  gating  mechanisms  have  been  used  in  practice  such  as 
dipping  a  suspended  part  into  the  melt  or  initial  confinement  of  the  melt  followed  by  opening  up 
a  path  for  the  melt  to  flow  out  and  contact  the  skeleton. 

The  particle  diameter  of  the  powder  affects  both  the  fluid  flow  and  the  amount  of  time 
before  the  infiltrant  freezes.  Equation  3  describes  the  fluid  flow  behavior  and  because  the 
permeability  of  a  skeleton  (K)  is  proportional  to  the  square  of  the  powder  diameter  the  net  result 
of  using  larger  powder  is  faster  liquid  flow.  Further,  the  larger  powder  decreases  the  surface  area 
for  diffusion  and  provides  more  time  for  liquid  to  flow  before  the  porous  network  is  closed  off 
by  solidification.  Figure  7  clearly  shows  how  the  infiltration  distance  (in  this  case  height)  is 
affected  by  the  powder  size  of  the  skeleton.  The  capillary  rise  limit  shown  corresponds  to  the 
maximum  height  in  Equation  1  with  liquid  metal  properties  of  y=  1 .2  N/m  and  p  =  8  g/cc  and  a 
void  fraction  of  e  =  0.4.  The  rise  limit  will  remain  fairly  consistent  with  different  materials 
because  many  liquid  metals  have  similar  surface  tension  and  density.  The  premature  freezing 
limit  shown  corresponds  to  the  experiments  shown  to  the  right  using  various  powder  sizes. 
Through  the  use  of  progressively  larger  powder  size,  infiltration  heights  as  tall  as  22  cm  have 
been  achieved.  The  freezing  limit  will  vary  significantly  for  different  material  systems  because 
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it  is  affected  by  other  properties  such  as  the  diffusivity  of  the  melting  point  depressant  in  the 


Figure  7;  Limitations  on  infiltration  height.  Images  at  right  show  heights  achieved  with 
skeletons  of  50-]50jlm,  150—300jlm,  and  300-400iim  powder  (left  to  right). 


Uniform  bulk  composition  throughout  the  part 

Due  to  mass  transport  occurring  simultaneously  with  the  fluid  transport  within  a  part 
during  transient  liquid-phase  infiltration,  there  exists  the  possibility  of  non-uniform  bulk 
composition  in  a  final  part,  with  a  higher  concentration  of  silicon  expected  near  the  point  of 
liquid  entry.  In  order  to  prevent  this  variation,  the  liquid  infiltrant  can  be  maintained  at  a 
liquidus  composition.  This  will  ensure  that  any  liquid  present  in  the  skeleton  will  be  the  same 
composition  —  any  loss  of  silicon  must  result  in  solidification.  Further,  the  liquid  is  already 
saturated  with  nickel  and  has  no  driving  force  for  dissolution  of  the  skeleton,  preventing  erosion. 

Several  techniques  have  been  used  to  hold  the  composition  of  the  infiltrant  at  its 
equilibrium  liquidus  composition  and  prevent  it  from  dissolving  the  skeleton.  Excess  Ni  powder 
was  added  to  the  melt  in  sufficient  quantities  that  the  bulk  composition  would  be  a  mixture  of 
saturated  liquid  and  solid  at  the  infiltration 
temperature.  The  supply  of  infiltrant  was  then  soaked 
at  a  temperature  slightly  above  the  infiltration 
temperature  to  dissolve  the  excess  nickel.  A  ceramic 
impeller  was  used  to  stir  the  melt  and  ensure  the 
infiltrant  supply  was  well  mixed  as  the  temperature 
was  decreased  again  for  the  infiltration.  The 
composition  of  parts  infiltrated  with  infiltrant  at  its 
liquidus  composition  show  no  signs  of  erosion  and 
have  a  bulk  composition  that  does  not  change  along  the 
path  of  infiltration.  This  is  further  illustrated  in  Figure 
8,  showing  a  capillary  infiltrated  with  infiltrant  at  its 


Figure  8:  Uniform  "bulk  composition 
along  path  of  infiltration 
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liquidus  composition.  The  composition  profile  at  a  point  just  behind  the  infiltration  front  (cross- 
section  B)  would  consist  of  pure  nickel  and  infiltrant  at  its  liquidus  composition  because  very 
little  time  has  elapsed  to  allow  for  diffusion.  After  the  liquid  has  continued  to  fill  the  capillary, 
a  similar  location  just  behind  the  infiltration  front  at  cross-section  A’  would  have  an  identical 
composition  profile  to  B.  Even  though  some  diffusional  solidification  will  occurr  at  B’  while  the 
liquid  is  still  infiltrating,  the  fixed  composition  of  the  liquid  ensures  that  the  bulk  or  average 
composition  will  be  the  same  at  point  B,  A’,  and  B’  —  constant  with  time  and  position. 


Homogenization  and  mechanical  properties 

The  time  necessary  for  homogenization  of  a  final  part  will  depend  strongly  on  the 
diffusivity  of  the  melting  point  depressant  and  the  geometry  or  powder  size.  Figure  9  shows 
cross-sections  of  a  skeleton  of  ~300  i^im  diameter  powder  that  was  infiltrated  with  Ni-lOSi  at 
1 170°C.  The  three  sections  of  the  infiltrated  skeleton  shown  were  heat  treated  at  1200°C  for  1,  5 
and  12  hours  (left  to  right).  Compositional  analysis  was  conducted  using  an  electron 
microprobe.  The  dark  regions  of  the  initial  image  correspond  to  high  silicon  content  (>6%). 
After  5  hours  of  heat  treatment,  the  compositional  profile  was  nearly  uniform,  but  regions  of 
localized  porosity  are  visible  in  the  image  —  perhaps  due  to  differential  mass  transport 
(Kirkendall  effect).  After  12  hours  of  heat  treatment,  the  composition  is  uniform  and  any 
remaining  porosity  is  evenly  distributed. 


Figure  9:  Homogenization  of  infiltrated  SOO/Jm  powder  afte  T  1,  5y  cifid  12  houf  at  1200  C, 


The  binary  Ni-Si  alloy  used  for  these  experiments  is  not  available  commercially  and 
expectations  for  mechanical  properties  were  not  high.  Comparison  of  an  infiltrated  specimen  to 
a  casting  of  identical  composition  showed  that  the  transient  liquid-phase  infiltration  process 
could  produce  a  final  material  with  similar  properties.  Tensile  specimens  were  machined  from 
an  infiltrated  bar  homogenized  for  12  hours  and  from  a  cast  bar  cooled  at  5  “C/min  from  1400°C. 
The  tensile  test  results  are  shown  in  Figure  10  along  with  an  image  of  the  infiltrated  specimen 
after  failure.  The  elastic  behavior  and  yield  strength  of  both  materials  were  nearly  identical.  The 
elongation  of  the  infiltrated  specimen  was  moderate  at  6%,  but  still  much  less  than  that  of  the 
cast  specimen.  The  mechanism  causing  the  different  behavior  under  high  strain  is  not  yet 
understood,  but  could  be  due  to  differences  in  porosity. 
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Figure  JO:  Tensile  properties  for  infiltrated  and  cast  specimens  of  the  Ni  -  4wt%  Si.  Image  at 
right  shows  the  infdtrated  tensile  specimen  after  failure. 


Summary 


Transient  liquid-phase  infiltration  of  a  PM  skeleton  has  been  shown  to  aehieve 
homogeneous  final  part  composition  without  the  dimensional  change  associated  with  full-density 
sintering.  This  densification  concept  is  broadly  applicable  to  any  of  the  SFF  processes  that 
produce  green  PM  skeletons,  as  well  as  more  traditional  PM  processes  such  as  Metal  Injection 
Molding.  A  binary  Ni-Si  alloy  was  used  to  explore  the  important  tradeoff  between  infiltration 
and  diffusion  rate  that  can  prevent  the  liquid  from  filling  the  part  due  to  diffusional  solidification. 
Using  infiltrant  at  a  liquidus  composition  ensures  uniform  bulk  composition  throughout  the  part. 
Through  gated  introduction  of  the  liquid  infiltrant  to  the  skeleton  and  control  of  powder  size 
within  the  skeleton,  parts  greater  than  20  cm  tall  were  infiltrated  to  full  density.  Subsequent  heat 
treatment  achieved  a  homogeneous  final  composition  and  the  mechanical  properties  compared 
favorably  to  a  cast  specimen  of  the  same  composition. 
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ABSTRACT 

Over  the  past  few  years,  improvements  in  equipment,  materials,  and  processes  have  enabled 
significant  improvements  in  the  accuracy  of  Fused  Deposition  Modeling  (FDM)  technology. 
This  project  will  investigate  the  present  in-plane  accuracy  of  a  particular  FDM  machine  using  the 
benchmark  “User  Part”  developed  by  the  North  American  StereoLithography  User  Group 
(NASUG)  and  show  the  effect  of  optimal  Shrinkage  Compensation  Factors  (SCF)  on  the 
accuracy  of  the  prototyped  parts. 

The  benchmark  parts  were  built  on  the  FDM-1650  prototyping  machine  and  a  total  of  46 
measurements  were  taken  in  the  X  and  Y  planes  using  a  Brown  &  Sharpe  Coordinate  Measuring 
Machine  (CMM).  The  data  was  then  analyzed  for  accuracy  using  standard  formulas  and 
statistics,  such  as  mean  error,  standard  deviation,  residual  error,  rms  error,  etc.  The  optimal  SCF 
for  the  FDM-1650  machine  was  found  to  be  1.007  or  0.7%. 

INTRODUCTION 

Rapid  Prototyping  (RP)  is  the  f  abrication  of  a  physical,  three-dimensional  part  of  arbitrary 
shape,  directly  from  a  numerical  description  (typically  a  CAD  model)  by  a  quick,  highly 
automated,  and  flexible  process.  RP  technology  has  made  many  contributions  to  the 
manufacturing  industry  mainly  by  reducing  the  time  to  produce  prototype  parts  and  improving 
the  ability  to  visualize  part  geometry.  The  physical  prototype  allows  for  earlier  detection  and 
reduction  of  design  errors  and  the  capability  to  compute  mass  properties  of  components  and 
assemblies  [1,7].  Also,  it  is  very  advantageous  to  present  a  design  in  client  presentations, 
consumer  evaluations,  bid  proposals,  and  regulation  certification.  This  concept  was  first 
introduced  in  1988,  and  since  then  the  growth  of  Rapid  Prototyping  has  been  exponential  every 
year. 

RP  also  has  some  challenges  that  must  be  improved  upon  and  one  of  the  main  challenges  is 
part  accuracy.  This  is  the  main  concern  of  countries  like  Japan,  which  are  not  willing  to 
incorporate  RP  to  there  manufacturing  process  [1-3].  The  parts  produced  tend  to  warp  and/or 
shrink  from  its  given  dimensions  forcing  the  user  to  run  several  trials  of  a  part  to  reach  its  ideal 
dimensions  or  settle  for  a  slightly  inaccurate  part.  Another  concern  is  the  build  time;  it  can  often 
take  several  days  to  prototype  certain  parts  depending  on  the  size. 
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When  Rapid  Prototyping  was  first  introduced,  the  materials  used  to  produce  the  parts  had  low 
yield  strength.  Through  the  advancement  in  material  science,  the  photopolymers  and 
thermoplastics  used  now  have  much  higher  yield  strength.  The  strength  of  RP  materials  is 
sufficient  for  some  applications,  but  does  not  always  satisfy  the  strength  requirements  for  wind 
tunnel  testing.  The  use  of  stronger  materials  in  the  future  such  as  metal-based  powders  will 
enable  RP  to  produce  parts  to  satisfy  these  requirements. 

The  purpose  of  this  engineering  research  project  is  to  make  a  contribution  towards  the 
accuracy  improvement  of  Rapid  Prototyping  machines.  This  can  be  accomplished  by  finding  the 
most  optimal  shrinkage  compensation  factor  (SCF).  The  Shrinkage  Compensation  Factor 
determines  the  amount  an  object  should  be  enlarged  so  that  it  can  approach  the  desired 
dimensions  of  the  user  during  the  shrinking  process. 

THEORY  AND  ANALYSIS 

In  this  engineering  project,  the  rapid  prototyping  technology  used  was  a  Fused  Deposition 
Modeling  machine  (FDM  -1650),  built  by  Stratasys.  The  machine  uses  a  3D  CAD  drawing  that 
is  converted  to  a  Stereolithography  file  (.STL)  and  then  it  is  sliced  into  a  series  of  closely  spaced 
horizontal  planes  [2,7,8].  The  file  is  then  sent  to  the  machine  as  a  build  file  and  production  of  the 
part  begins.  The  machine  has  a  build  area  of  10x10x10  in.  and  produces  hard  solid  prototypes 
that  may  be  used  in  many  applications. 

The  FDM  technology  uses  a  spool  of  ABS  thermoplastic  filament  with  a  diameter  of  .070 
inches  to  build  a  part.  The  filament  is  heated  to  above  its  melting  point  and  then  extruded 
through  a  nozzle  on  a  delivery  head  and  onto  a  build  platform.  When  one  layer  is  finished  the 
platform  is  lowered  and  a  new  layer  is  formed  on  top  of  it. 

The  overall  inaccuracy  of  the  parts  being  built  by  RP  technology  has  been  one  of  the  major 
challenges  that  need  to  be  overcome.  Errors  due  to  shrinkage  and  warpage  dominate  the 
inaccuracy  of  the  part.  The  thermoplastic  ABS  material  used  in  FDM  machines  experiences  a 
volume  change  when  it  is  heated  and  then  extruded  onto  a  build  platform.  “Each  prototype  made 
is  slightly  smaller  than  its  designed  dimensions”[3,5,8].  SCF  is  one  of  the  variables  that  can  be 
controlled  by  the  operator  to  influence  the  overall  accuracy  of  the  part.  When  prototyping,  the 
shrinkage  is  compensated  by  multiplying  the  dimensions  by  a  SCF  through  the  build  software. 
Through  research,  the  optimal  SCF  can  be  found  and  the  prototype  can  be  built  within  the 
specified  build  accuracy  of  the  machine. 

To  test  the  build  accuracy  of  a  prototyping  machine,  a  user  part  was  developed  by  the  North 
American  StereoLithography  User  Group  (NASUG).  It  is  an  in-plane  benchmark  part,  which 
covers  the  extent  of  the  build  platform  and  allows  for  the  measurement  of  the  part’s  X  and  Y 
dimensions.  This  particular  part  (Fig.  1)  was  chosen  because  of:  (1)  its  large  amount  of 
independent  surfaces,  (2)  a  variety  of  balanced  measurements  ranging  from  .125  to  9.5  inches, 
and  (3)  an  almost  equal  amount  of  inside  and  outside  measurements.  These  three  characteristics 
made  the  part  ideal  for  performing  measurements  because  it  reduced  biases  on  certain 
measurements,  making  all  of  the  factors  in  producing  the  part  just  as  important  [4-5]. 
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dimensions  is  calculated  by, 


Actual  error  =  a  -  c 

where  a  is  the  measured  dimension  and  c  is  the  CAD  Dimension. 


To  calculate  the  SCF,  46 
measurements  were  taken 
in  the  X  and  Y  plane  [9]. 
These  measurements  were 
input  into  an  Excel 
program  and  from  these 
points,  27  outside  and  21 
inside  dimensions  were 
calculated.  After 
obtaining  this  data, 
statistical  equations  were 
used  to  determine  the 
overall  accuracy  of  the 
part. 

First  the  dimensional 
data  is  converted  to  the 
differences  relative  to  the 
CAD  dimensions.  The 
error  in  each  of  the 

(I) 


Many  statistical  data  analysis  computations  were  derived  from  the  21  inside  dimensions  and 
27  outside  dimensions.  The  slope  of  the  best-fit  regression  line  of  actual  error  vs.  ideal 
dimension  was  calculated  to  get  an  idea  of  the  accuracy  of  the  part  and  to  determine  the  new 
SCF.  The  slope  is  determined  by. 

Slope  =  (42+54)  *(A  +B)  -  rC-D)  *rE  -F)  (2) 

Constant 

where  A  -  2(Inside  Ideal  Dimension)* (Error),  B  =  2  (Outside  Ideal  Dimension)*(Error),  C  = 
2(Outside  Ideal  Dimension),  D  =  2(Inside  Ideal  Dimension),  E  =2(Error  Outside  Dimensions), 
and  F  -  2(Error  Inside  Dimensions).  The  constant  is  determined  by. 

Constant^  (42+54)*(I(G^)+ I(H^))  -  (1(H)  -  I(K))*(I(M)  -  I(K))  (3) 

where  G  =  Inside  Measured  Dimension,  H  =  Outside  Measured  Dimension,  K  =Inside  Ideal 
Dimension,  and  M=  Outside  Ideal  Dimension. 


Next  a  y-intercept  value  must  be  determined  to  complete  the  equation  for  the  least-square 
regression  line  for  which  the  slope  was  found  above.  This  equation  is  used  to  find  the  expected 
error  in  each  of  the  dimensions  and  when  that  value  is  compared  to  the  actual  error,  we  can 
determine  the  residual  error  in  the  part.  The  equation  for  the  intercept  is  given  by. 

Intercept  -  (i:(Af  +  S(C)^)*(I(E)  -1(G))  -  (Id)  +  Z(L))*(I(C)  -1(A))  (4) 

Constant 

where  I  =  (Outside  Ideal  Dimension)*(Error),  L  =  (Inside  Ideal  Dimension)*(Error),  C  = 
Outside  Ideal  Dimension,  A  =  Inside  Ideal  Dimension,  E  -  Outside  Error,  and  G  =  Inside  Error. 
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Now  with  the  slope  and  intercept  defined,  the  predicted  value  for  the  error,  given  an  ideal 
dimension,  can  be  found  by  the  equation, 

y  (predicted)  =  mx  +  c  (5) 

where  m  =  slope,  x  =  ideal  dimension,  and  c  =  intercept. 

This  process  of  finding  the  slope,  constant,  and  intercept  is  performed  for  both  the  x  and  y 
dimensions  and  the  two  results  are  averaged  at  the  end. 


The  predicted  value  of  error  is  used  to  determine  the  residual  square,  which  squares  the 
difference  between  the  measured  dimensions  and  the  predicted  value: 

Residual  Square  =  (Difference  -  Predicted)^  ( 6) 

With  the  result  from  equation  6,  the  residual  error  in  the  part  can  be  calculated.  The  residual 
error  defines  the  overall  difference  of  the  measured  values  from  the  predicted  error  values  [6]. 
The  equation  for  residual  error  is  defined  by. 


Residual  Error  = 


{M  +  N  +  O  +  Fj 
121 


where  M  =  Residual  Square  (Inside  Y  Dimensions),  N  =  Residual  Square  (Outside  Y 
Dimensions),  O  =  Residual  Square  (Inside  X  Dimensions),  and  P  =  Residual  Square  (Outside  X 
Dimensions). 


Finally  the  SCF  can  be  derived.  The  SCF  is  an  indication  of  the  numerical  percentage  of  how 
small  or  large  the  user  part  is  compared  to  the  actual  CAD  dimensions.  The  SCF  equation 
incorporates  the  initial  shrinkage  compensation  factor,  which  was  used  in  the  beginning  of  the 
build  process.  The  equation  to  determine  the  SCF  is, 

SCF (X)  =  1-(1  -  (Slope)) *(1  +  SCF(X)  OLD)  (8) 

SCF  (Y)  =  l-(1-  (Slope))  *(1  +  SCF(Y)  OLD)  (9) 


RESULTS  &  DATA  ANALYSIS 


After  several  trials  of  making  the  “User  Part”,  FDM-1 .007  '  exhibits  the  lowest  Mean,  RMS, 
and  Residual  Error  indicating  that  so  far,  a  SCF  of  1 .007  gives  the  lowest  error  and  the  most 
accuracy  for  the  user  part. 

A  scatter  graph  of  the  difference  between  the  measured  and  desired  dimension  (error)  plotted 
against  the  desired  (CAD)  dimension  was  used  in  the  calculation  of  the  SCF  and  the  Total 
Shrinkage  (TS)  for  the  “User  Part”.  The  Total  Shrinkage  is  the  slope  of  a  “least  squares” 
regression  line  of  the  Error  vs.  Ideal  (CAD)  dimension  graph.  It  gives  an  indication  of  how  far 
off  the  SCF  that  was  used  to  create  the  part  is  to  the  SCF  that  will  produce  the  most  accurate 
part.  A  negative  TS  means  the  part  was  made  too  small  and  a  positive  TS  means  the  part  was 
made  too  big.  The  lowest  TS  value  is  desired  for  the  most  accurate  part.  FDM-1. 008-P2^  had  the 
lowest  Total  Shrinkage  value,  but  it  was  not  the  most  accurate  part  as  indicated  by  further 
statistical  calculations  performed  on  it.  As  Figure  2  summarizes,  the  greatest  total  shrinkage  of 


'FDM  refers  to  the  build  method,  1 .007  is  the  SCF,  and  I  (if  used)  refers  to  the  first  measurement  for  the  part 
^  This  is  the  second  part  made  with  a  SCF  of  1 .008,  due  to  questionable  results  given  by  the  first  part 
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-0.2966%  and  0.2744%  was 
achieved  from  parts  FDM-1.005 
and  FDM-l.OlO-II,  which  indicates 
that  the  optimum  SCF  is  not  close 
to  those  SCF.  Part  FDM-1.007 
showed  the  second  least  shrinkage 
of  0.0453%,  but  further 
calculations  proved  this  was  the 
most  accurate  part. 

The  Shrinkage  Compensation  Factor  (SCF)  is  related  to  Total  Shrinkage  because  the  value  for 
Total  Shrinkage  is  subtracted 
from  the  initial  SCF,  to  get  a 
new,  more  accurate  SCF.  As 
Figure  3  illustrates, 
calculations  performed  on  the 
measurements  revealed  that  a 
new  SCF  that  should  improve 
the  accuracy  for  a  part  made  on 
a  FDM  machine  lies  between 
0.65%  and  0.75%.  Part  FDM- 
1.007  was  the  only  part  that 
could  be  made  in  this  range 
and  it  was  this  part  that  turned  out  to  be  the  most  accurate. 

The  mean  error  is 
calculated  to  get  an  indication 
of  the  error  in  the  part  and  to 
determine  whether  the 
dimensions  were  within  the 
machine  specified  accuracy 
[6].  The  graph  for  mean  error 
shows  a  similar  trend  to  the 
Total  Shrinkage  graph  and 
thus  gives  similar  information. 
A  positive  mean  error 
indicates  that  most  of  the 
measured  dimensions  were  greater  than  the  CAD  dimensions,  and  a  negative  mean  error 
indicates  that  most  of  the  measured  dimensions  were  smaller  than  the  CAD  dimensions.  The 
FDM  parts  with  shrinkage  factors  set  from  1.005  to  1.010  had  mean  errors  ranging  from  -0.01 19 
inches  to  0.0110  inches,  giving  an  even  spread  about  zero.  As  Figure  4  shows,  FDM-1.007, 
FDM-1.008-P1,  &  FDM-1.008-P2,  produced  mean  errors,  which  satisfied  the  machine  specified 
accuracy  of  ±0.005  in.  However,  the  mean  error  can  be  influenced  by  negative  and  positive  error 
values,  and  needs  to  be  used  in  conjunction  with  other  statistical  calculations  to  find  the  best  part. 
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The  standard  deviation  was 
also  calculated  to  get  an 
indication  of  the  spread  of 
errors  around  the  mean  and 
really  understand  the  meaning 
for  the  value  of  mean  error 
[6].  A  low  mean  error  and  a 
low  standard  deviation  will 
provide  a  good  indication  of 
the  accuracy  of  a  user  part. 

The  standard  deviation  data 
varied  from  0.0096  inches  to 
0.0246  inches  with  the  full  results  represented  in  Figure  5.  Parts  FDM-1.007,  FDM-1.008-P1, 
and  FDM-1.008-P2  all  had  mean  errors  very  close  to  zero.  However,  when  these  values  were 
matched  with  the  standard  deviation  values,  FDM-1.007  had  the  lowest  spread  of  errors  around 
the  mean  and  this  is  another  reason  for  the  high  accuracy  of  this  part. 
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Calculating  Residual  Error 
for  the  user  part  allows  the 
measurement  of  the  errors  in 
the  part,  which  are  not  caused 
by  shrinkage.  These  are 
random  errors  in  the  machine, 
material,  and  measurement 
that  are  much  harder  to 
measure  and  control.  Overall, 
the  Standard  Deviation  and 
Residual  Error  (Figure  6)  for 
each  user  part  had  similar 
values,  indicating  that  the  error  in  the  part  due  to  shrinkage  is  very  small  and  it  is  the  random 
errors,  which  contribute  greatly  to  the  inaccuracy  of  the  part.  The  lowest  Residual  Error  of 
0.0096in.  for  FDM-1.007  was  the  same  as  its  Standard  Deviation,  indicating  the  error  in  the  part 
due  to  shrinkage  was  extremely  small  and  all  the  errors  were  random  errors  that  are  harder  to 
control. 

The  most  important  of  all  the  data  calculated  is  the  RMS  Error  (Figure  7)  as  it  gives  a  better 
indication  of  the  size  of  the  error  in  each  part.  It  is  a  better  approximation  than  the  mean  error, 
which  can  be  influenced  by  positive  and  negative  error  values  [6].  The  lowest  RMS  Error  would 
indicate  the  most  accurate  part.  It  is  FDM-1.007,  which  gives  the  lowest  RMS  Error  value 
indicating  its  greatest  accuracy  and  verifying  the  previous  results,  which  indicated  that  it  was  the 
most  accurate  part.  Part  FDM-1.008-P2  had  lower  Total  Shrinkage  and  Mean  Error  values  than 
FDM-1.007,  but  its  Standard  Deviation,  Root  Mean  Square  Error  and  Residual  error  values 
verified  its  inaccuracy. 
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Figure  6;  Summary  of  Residual 
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Figure  7 :  Sununary  of  RMS  Ei  Part  3 


Part  ID 

Slope 

SCF  Used 

New  SCF 

Mean  Error 
(in.) 

SD 

(in.) 

Residual 

Error 

(in.) 

RMS  Error 
(in.) 

FDM-L005 

-0.2966% 

0.5000% 

0.7981% 

-0.0119 

0.0246 

0.0232 

FDM- 1.006 

-0.1752% 

0.6000% 

0.7800% 

-0.0071 

0.0145 

0.0137 

0.0160 

FDM- 1.007 

0.0453% 

0.7000% 

0.6500% 

0.0017 

0.0096 

0.0096 

0.0097 

FDM- 1.008- 

P1 

0.0739% 

0.8000% 

0.7253% 

0.0030 

0.0172 

0.0172 

0.0174 

FDM-1.008- 

P2 

0.0006% 

0.8000% 

0.7993% 

-0.0006 

0.0142 

0.0142 

0.0141 

FDM-1.009 

0.1551% 

0.9000% 

0.7442% 

0.0057 

0.0150 

0.0141 

0.0159 

FDM-l.OlO-I 

0.2543% 

1.0000% 

0.7400% 

0.0102 

0.0118 

0.0093 

0.0156 

FDM- 1.0  lo¬ 
ll 

0.2744% 

j 

1.0000% 

0.7200% 

0.0110 

0.0107 

0.0071 

0.0153 

Table  I.  Summary  of  FDM- 1650  Results 


Conclusions  and  Recommendations 

The  objective  for  this  research  project  was  to  find  the  optimal  shrinkage  compensation  factor 
for  the  FDM- 1650  prototyping  machine  and  produce  the  most  accurate  part.  From  the  data  that 
was  analyzed,  the  best  SCF  for  the  FDM- 1650  was: 

SCF  =  1.007,  or  (0.7%) 

There  are  a  few  recommendations  arrived  upon  for  future  accuracy  research  on  the  FDM- 
1650.  Firstly,  varying  temperature  and  build  speed  during  the  build  process  could  affect  the 
accuracy  of  the  parts.  These  parameters  might  help  minimize  the  amount  of  warpage  that  the  part 
undergoes  due  to  the  amount  of  time  it  is  exposed  to  heat.  Also,  building  different  percent  sizes 
of  the  part  can  be  used  as  a  test  to  compare  the  effects  of  shrinkage  on  a  small  and  a  large  part. 
Another  recommendation  is  for  more  accurate  SCF  inputs,  which  contain  4  to  5  decimal  places. 
This  would  allow  for  accuracy  research  of  parts  with  SCF’s  between  1.0065  to  1.0075,  the  region 
where  the  results  point  to  as  having  the  best  SCF.  The  machine  should  also  allow  for  inputs  in 
both  the  X  and  Y  direction  instead  of  the  one  shrinkage  factor  that  can  presently  be  input  into  the 
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build  software.  The  addition  of  these  inputs  and  added  aecuracy  in  the  decimal  place  should 
produce  a  more  accurate  part  that  is  even  closer  to  its  desired  dimensions.  Finally,  the  support 
material  that  is  currently  in  use  with  this  machine  should  be  changed  because  it  is  difficult  to 
remove.  A  water-soluble  support  material  would  make  it  easier  to  remove  and  clean  the  part, 
saving  valuable  time. 
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1  Introduction 

Selective  laser  sintering  (SLS)  of  metals  is  a  complex  process  exhibiting  multiple  modes  of 
heat,  mass  and  momentum  transfer,  and  chemical  reactions.  The  strong  interplay  between 
these  physical  mechanisms  directly  impacts  the  SLS  process,  determining  whether  a  given 
material  can  be  processed  and  if  so,  how  the  microstructure  and  properties  of  the  processed 
material  are  influenced.  In  order  to  understand  the  complex  nature  of  these  mechanisms, 
their  interplay  and  impact  on  process  control  in  SLS,  it  is  appropriate  to  first  understand 
them  at  a  fundamental  level.  The  next  step  should  involve  developing  simple  models  that  can 
quantitatively  reveal  the  influence  of  these  mechanisms  as  functions  of  processing  conditions. 
Following  this  step,  increasingly  detailed  models  that  take  into  account  the  coupling  between 
difllerent  mechanisms  should  be  developed. 

In  this  review  paper,  a  first  step  is  taken  towards  identifying  and  understanding  some  of 
the  important  physical  mechanisms  in  direct  SLS.  This  study  not  only  provides  an  insight 
into  phenomena  observed  during  direct  SLS  of  a  variety  of  metallic  materials,  but  also  helps 
in  selecting  materials  that  are  most  amenable  to  processing  by  direct  SLS.  Physical  mech¬ 
anisms  discussed  include  oxidation,  wetting,  epitaxial  solidification,  elemental  vaporization, 
melt  flow  instabilities  and  powder  bed  caking.  Understanding  these  physical  mechanisms  is 
essential  for  the  design  of  direct  SLS  machines  and  their  process  control. 

2  Wetting 

2.1  Effect  of  Processing  Atmosphere  on  Wettability 

Direct  SLS  of  metals  is  far  more  demanding  than  SLS  of  polymers  or  indirect  SLS  of  metals. 
Oxidation  is  a  serious  problem  at  the  higher  processing  temperatures  necessary  for  melting 
metals  of  interest  (typically  exceeding  >  1000°C).  Since  selective  laser  sintering  is  a  layerwise 
additive  process,  oxidation  of  laser  processed  powder  is  a  severe  impediment  to  interlayer 
bonding  and  causes  defects  such  as  balling.  Balling  occurs  when  the  molten  metal  does 
not  wet  the  underlying  substrate  due  to  an  oxide  layer  being  present  on  the  substrate  and 
on  the  surface  of  the  melt.  Oxidation  also  causes  delamination  induced  by  poor  interlayer 
bonding  in  combination  with  thermal  stresses.  These  phenomena  severely  degrade  material 
properties  and  part  geometry. 

Poor  wetting  of  an  oxide  substrate  by  a  liquid  metal  is  explained  by  the  interfacial 
thermodynamics  involved.  The  equilibrium  of  a  liquid  in  contact  with  non-interacting  solid 
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and  gaseous  phases  is  shown  in  Figure  1.  The  equilibrium  of  interfacial  free  energies  7ij  is 
governed  by 


Isv  —  ISL  =  iLV  cos  9  (1) 

The  liquid  will  wet  the  substrate  as  cos0  — >  1  or  equivalently,  if  <  Isv  —  Isl-  This 
corresponds  to  the  case  on  the  left.  The  difference  75V  —  751,  —  7lv  is  termed  the  spreading 
coefficient  S.  Large,  positive  S  favors  spreading.  Surface  free  energies  of  metal  oxides  are 
much  lower  than  the  corresponding  liquid-vapor  surface  free  energy.  Thus,  in  the  absence  of 
a  chemical  reaction  between  the  liquid  and  the  substrate,  liquid  metals  do  not  wet  surface 
oxide  films,  preferring  to  minimize  surface  area  by  balling  instead. 


Figure  1:  Three  phase  equilibrium  for  wetting  and  non- wetting  systems. 


To  ensure  good  wetting  and  suc¬ 
cessful  layer-by-layer  consolidation  di¬ 
rect  SLS  of  metals,  processing  must 
be  conducted  in  a  vacuum  or  protec¬ 
tive  atmosphere  using  high  purity  in¬ 
ert  gases.  An  Ellingham  diagram  [1] 
of  common  oxides  shows  that  at  the 
melting  points  of  Nickel  (1454. 4°C), 

Chromium  (1857°C)  and  Titanium 
(1704. 4°C),  the  equilibrium  partial  pres¬ 
sure  of  oxygen  must  be  less  than  10“®, 

10“^^  and  10~^®  atm.  respectively  to 
prevent  the  oxidation  reaction.  There¬ 
fore,  some  oxidation  cannot  be  avoided 
under  normal  operating  conditions. 

In  traditional  furnace  brazing  opera¬ 
tions  for  metals  and  alloys  conducted 
under  pure  hydrogen  atmosphere,  it 
is  important  to  consider  the  dew  point 
or  moisture  content  of  the  atmosphere 
against  the  most  stable  oxide  form¬ 
ing  element.  A  chart  of  metal-metal 
oxide  equilibria  under  pure  hydrogen 
at  1  atm  is  available  in  the  literature 
[2].  This  chart,  calculated  for  a  variety  of  metal  oxides  shows  the  temperature  and  water 


Figure  2:  Influence  of  Oxygen  on  rupture  life,  after 
Choudhry  (1990) 
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vapor  partial  pressure  combinations  under  which  the  reaction  is  reducing  or  oxidising.  For 
good  wetting  to  take  place,  reduction  of  surface  oxides  is  necessary  to  provide  a  clean  metal- 
metal  interface.  Conventional  practice  involves  providing  a  continuous  flow  of  hydrogen  to 
maintain  the  water  vapor  partial  pressure  levels  favorably.  It  has  been  noted  that  the  same 
chart  is  equally  applicable  for  continuous  flow  inert  gas  atmospheres  with  similar  oxygen 
content. 

Some  extremely  reactive  metals  such  as  titanium  cannot  be  processed  under  hydrogen 
atmospheres  for  two  reasons.  First,  it  is  difficult  to  obtain  hydrogen  of  the  necessary  purity  at 
the  processing  temperature  of  interest  {i.e.  the  melt  temperature)  .  Second,  titanium  and  its 
alloys  are  extremely  sensitive  to  hydrogen  embrittlement.  Thus,  traditional  high  temperature 
sintering  and  vacuum  brazing  is  conducted  in  the  Torr  vacuum  range.  Although 

processing  under  these  vacuum  levels  yields  satisfactory  results  with  regards  to  wetting, 
volatilization  of  alloying  elements  at  high  temperatures  under  reduced  pressure  can  be  a 
serious  concern. 

Oxidic  cleanliness  is  also  of  paramount  importance  while  processing  high  performance 
metals,  especially  superalloys  and  titanium  with  extremely  high  strength,  high  creep  re¬ 
sistance  properties  at  elevated  service  temperatures  approaching  the  solidus  temperature. 
Figure  2  shows  the  detrimental  influence  of  increasing  oxygen  content  on  the  rupture  life  of 
superalloys.  Commercially  pure  titanium  (CP  Ti)  has  a  specification  of  1400  ppm  maximum 
acceptable  level  of  oxygen.  The  titanium  alloy  Ti-6A1-4V  has  specification  oxygen  limits  in 
the  final  product  ranging  from  0.1%  to  0.40%  weight  depending  on  the  particular  application. 
Molybdenum  is  classified  as  a  “superclean”  metal  [3]  and  is  typically  purified  by  electron 
beam  melting  at  10“®-10“®  Torr.  When  compared  to  cast  or  wrought  product,  powders 
have  higher  degree  of  contamination  due  to  their  much  higher  surface  area  per  unit  volume. 
As-received  powders  are  known  to  harbor  moisture,  organics,  adsorbed  gases,  oxide  and  ni¬ 
tride  Aims  on  particle  surfaces  depending  on  the  production  method  and  shelf  life.  These 
contaminants  not  only  inhibit  successful  wetting  and  densification  of  the  melted  powder  but 
also  degrade  mechanical  properties  of  the  consolidated  product.  Therefore,  processing  under 
high  vacuum  (<  10~®  Torr)  or  ultra  high  purity  inert  environments  is  necessary  for  successful 
direct  SLS  of  high  performance  metals. 

2.2  Homologous  Wetting 

Most  of  the  work  on  wetting  reported  in  the  literature  is  based  on  isothermal  wetting  of 
dissimilar  substances,  e.g.  wetting  of  a  liquid  on  a  solid  substrate  of  chemical  composition 
different  than  the  liquid.  An  excellent  review  of  the  physical  mechanisms  governing  this 
wetting  regime  is  given  by  de  Gennes  [4].  The  wetting  behavior  of  a  molten  liquid  on  a 
substrate  of  its  own  kind  was  investigated  only  recently  by  Schiaffino  and  Sonin  [5,  6,  7]  This 
particular  situation  is  known  as  “homologous  wetting”  and  is  inherently  a  non-equilibrium 
phenomenon  involving  simultaneous  heat  transfer,  fluid  flow  and  solidification. 

In  SLS,  laser  induced  melting  of  powder  and  subsequent  solidification  onto  a  previously 
formed  layer  constitutes  homologous  wetting.  Experiments  were  conducted  by  laser  melting 
droplets  onto  prepared  substrates  of  the  same  material  to  investigate  homologous  wetting 
in  SLS.  Stainless  steel  304L  was  chosen  as  the  material  for  investigation  due  to  its  ready 
availability  in  both  powder  and  plate  form.  Stainless  steel  plate  0.125  inches  thick  was 
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prepared  by  polishing  with  120,  240,  400  and  600  abrasive  grits,  followed  by  3/xm  diamond 
paste  and  a  final  polish  with  O.OS/wm  alumina  slurry,  followed  by  ultrasonic  cleaning  in 
acetone.  This  preparation  technique  was  necessary  to  provide  as  clean  and  smooth  a  surface 
as  possible  since  the  presence  of  surface  oxides  will  cause  the  material  to  spread  poorly  [8] 
and  surface  roughness  can  drastically  alter  wetting  behavior  [4]. 

Two  types  of  experiments  were  conducted.  In  the  first  type  of  experiment,  stainless  steel 
powder  placed  on  the  stainless  steel  substrate  was  melted  by  a  stationary  Nd:YAG  laser  beam 
incident  on  the  powder.  In  the  second  type  of  experiment,  a  strip  of  stainless  steel,  1  mm 
wide  and  4  mm  long  was  placed  on  the  substrate  and  melted  by  the  same  laser  beam.  Each 
type  of  experiment  was  conducted  under  high  vacuum  (<  10“^  Torr)  with  no  preheat,  350°  C 
preheat  and  900°  C  preheat  to  document  the  influence  of  preheat  on  the  wetting  behavior 
(analogous  to  the  Stefan  number  in  the  studies  of  Schiafiino  and  Sonin  [5]).  The  dynamics 
of  melting,  droplet  formation,  wetting  and  solidification  were  captured  by  video  microscopy. 
The  objective  in  these  experiments  was  to  visualize  and  qualitatively  understand  the  wetting 
behavior  of  a  metal  melt  on  a  substrate  of  its  own  kind.  Therefore,  no  attempt  was  made 
to  carefully  control  the  temperature  of  the  superheated  melt.  Such  an  arrangement  could 
be  implemented  by  controlling  the  laser  power  via  feedback  from  a  pyrometer  aimed  at  the 
melt  pool. 

All  the  experiments  revealed  that  after  melting  and  droplet  formation,  the  molten  metal 
showed  no  tendency  to  spread  and  wet  the  underlying  substrate.  Instead,  it  formed  a  nearly 
spherical  droplet  having  a  point  like  contact  with  the  substrate.  The  influence  of  preheat 
temperature  on  the  wetting  behavior  was  minimal  and  could  not  be  distinguished  visually. 
Sequential  frames  from  video  microscopy  of  one  such  experiment  conducted  with  stainless 
steel  strip  on  stainless  steel  plate  is  shown  in  Figure  3.  The  image  at  Is  shows  the  point  of 
incidence  of  the  laser  beam,  approximately  at  midlength  of  the  strip.  At  33s,  the  ends  of  the 
strip  begin  to  lift  off  the  substrate  and  fold  in  rapidly  towards  the  center.  The  laser  beam 
is  turned  off  at  49s,  revealing  a  very  nearly  spherical  molten  droplet  and  by  54s,  the  droplet 
has  solidified. 


Figure  3:  Homologous  wetting  experiment  at  Is,  33s,  49s,  and  54s  (right). 


The  solidified  droplets  (with  largest  dimension  typically  2mm)  exhibited  different  shapes 
for  powder  and  solid  strips.  In  the  case  of  “powder  on  plate”  type  experiments,  the  solidified 
droplets,  shown  on  the  left  in  Figure  4  had  an  elongated  peaked  feature  at  the  top  and  a 
finite  contact  area  with  the  plate.  On  the  other  hand,  the  solidified  droplets  of  “strip  on 
plate”  type  experiments,  shown  on  the  right  in  Figure  4  exhibited  a  much  higher  degree  of 
sphericity,  and  a  very  small  area  of  contact  with  the  plate.  The  typical  length  scale  in  the 
photos  is  2  mm. 
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Figure  4:  Solidified  droplets  in  “powder  on  plate”  experiment  (left)  and  “strip  on  plate” 
experiment  (right). 


Very  poor  metallurgical  bonding  was  observed  between  the  solidified  droplet  and  the 
substrate  in  each  of  the  homologous  wetting  experiments  conducted  on  stainless  steel.  The 
solidified  droplets  were  easily  detached  from  their  respective  substrates.  In  addition,  the  sub¬ 
strates  did  not  exhibit  any  evidence  of  melting  at  the  droplet-substrate  interface.  Despite 
excellent  atmosphere  control  (down  to  10“®  Torr),  poor  wetting  observed  in  these  experi¬ 
ments  resulted  due  to  a  lack  of  substrate  remelting  and  ensuing  epitaxial  solidification.  As 
shown  in  the  following  section,  remelting  of  the  underlying  substrate  is  necessary  to  break 
down  surface  contamination  {e.g.  oxide  films)  in  order  to  provide  a  clean  interface  at  the 
atomic  level  between  the  solid  and  the  liquid. 

2.3  Epitaxial  Solidification  in  Direct  SLS 

Direct  SLS  of  metals  is  very  similar  to  fusion  welding.  In  fusion  welding,  the  base  metal 
and  the  weld  metal  may  have  similar  but  not  necessarily  the  same  composition  whereas  in 
direct  SLS  of  monolithic  metallic  materials,  the  base  metal  and  weld  metal  are  necessarily 
the  same.  Some  dilution  of  the  base  metal  is  known  to  occur  in  all  types  of  fusion  welding. 
Dilution  refers  to  partial  localized  remelting  of  the  base  metal  during  welding  and  is  necessary 
to  provide  a  continuous  interface  free  of  oxide  films  or  other  contaminants  between  the 
solidifying  liquid  weld  metal  and  the  base  metal.  Dilution  is  deemed  extremely  important  to 
ensure  good  weld  integrity.  The  most  important  implication  of  dilution  or  “meltback”  is  that 
during  solidification,  grain  growth  will  occur  at  the  solid-liquid  interface  between  the  base 
metal  and  the  liquid  in  contact  with  it.  Grain  growth  is  important  because  it  has  been  well 
established  by  metallographic  inspection  that  initial  solidification  in  fusion  welding  occurs 
by  epitaxial  solidification  [9].  Due  to  the  signicant  similarities  between  fusion  welding  and 
direct  SLS,  it  is  instructive  to  understand  the  implications  of  epitaxial  solidification  on  SLS 
process  control. 

Epitaxial  solidification  is  a  process  of  heterogeneous  nucleation.  In  heterogeneous  nucle- 
ation,  a  solid  nucleus  “nucleates”  from  the  liquid  onto  a  substrate  with  which  the  liquid  is 
in  contact.  The  shape  of  the  nucleus  is  governed  by  the  balance  of  interfacial  free  energies 
between  the  nucleus,  solid  and  the  liquid.  It  can  be  shown  that  the  total  interfacial  free 
energy  of  this  system  is  minimized  when  the  nucleus  assumes  the  shape  of  a  spherical  cap 
as  shown  in  Figure  5. 
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Liquid  (L) 


Figure  5:  Heterogeneous  nucleation  of  a  solid  nucleus  at  the  solid-liquid  interface. 


At  equilibrium,  the  balance  of  interfacial  forces  is  given  by 

7ml  =  ISM  +  ISL  COS  Ip  (2) 

where  the  interfacial  free  energies  are  jml  between  the  substrate  metal  and  the  liquid,  jsm 
between  the  solid  nucleus  and  the  substrate  metal,  and  jsl  between  the  solid  nucleus  and 
the  liquid.  The  contact  angle  of  the  nucleus  is  ^p.  Rearranging  equation  2  gives 

costp  — -  [o) 

Jsl 

In  the  context  of  direct  SLS,  the  compositions  of  the  solidified  nucleus  and  the  solid 
substrate  are  the  same.  Thus  the  interfacial  energy  between  the  nucleus  and  the  solid 
substrate  should  be  negligible  while  the  interfacial  energies  between  the  nucleus  and  the 
liquid,  and  the  solid  substrate  and  the  liquid  should  be  about  the  same.  This  leads  to  the 
following  approximations: 


7sm  ~  0 

(4) 

7ml  75l 

(5) 

-tp  ^  0 

(6) 

The  change  in  free  energy  associated  with  the  formation  of  a  solid 

“spherical  cap”  nucleus 

with  radius  of  curvature  r  is  given  by 

AG/iet  =  — LsAGu  +  AsJsl  (7) 

=  (^-^‘Kr^AGy  +  47:r^'rsL^S{^p)  (8) 

where  AG„  is  the  free  energy  change  per  unit  volume  associated  with  formation  of  the 
nucleus,  Vs  is  the  volume  of  the  nucleus.  As  is  the  surface  area  of  the  new  interface  created 
between  the  solid  nucleus  and  the  liquid,  and  5('0)  is  a  shape  factor  dependent  on  the  contact 
angle  given  by 
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SW  = 


(2  +  cosi/’)(l  —  costj}^ 


(9) 


By  differentiating  equation  8  with  respect  to  r  and  setting  the  result  equal  to  zero,  the 
critical  radius  r*  to  promote  heterogeneous  nucleation  is  given  by 


r*  = 


'2jsl 


(10) 


By  substituting  the  expression  for  r*  into  equation  8,  the  associated  nucleation  energy 
barrier  for  heterogeneous  nucleation  to  proceed  is 


Ar*  -  'ysL  o(,^ 
Ghet  3 


It  is  of  interest  to  note  the  depen¬ 
dence  of  on  5'('0).  From  equa¬ 
tions  4-6,  it  apparent  that  in  epitax¬ 
ial  solidification,  5(V’)  — >•  0.  This  re¬ 
sult  implies  that  the  energy  barrier 
for  heterogeneous  nucleation  to  pro¬ 
ceed  during  epitaxial  solidification  is 
vanishingly  small.  This  is  in  stark 
contrast  to  coventional  casting  pro¬ 
cesses  in  which  ^  is  finite,  and  hence 
S  (ip)  and  are  finite  due  to  mold 

and  cast  materials  being  dissimilar, 
as  illustrated  by  Grong  [10]  in  Fig¬ 
ure  6. 

Nucleation  proceeds  immediately 
in  epitaxial  solidification  by  virtue 
of  the  negligible  energy  barrier.  For 
this  mode  of  solidification  to  occur, 
the  substrate  must  be  partially  melted 
back  to  promote  growth  from  the  prior  grains  of  the  substrate.  Epitaxial  solidification  by 
heterogeneous  nucleation  is  indeed  the  mode  of  solidification  in  direct  SLS  processing  to  full 
density.  Evidence  of  epitaxial  solidification  was  confirmed  by  microstructural  examination 
of  sections  of  SLS  processed  material  encompassing  several  layer  thicknesses. 

A  cross-section  of  specimen  102097,  shown  on  the  left  in  Figure  7  is  an  example  of  incom¬ 
plete  homologous  wetting  and  solidification.  In  this  case,  the  melt  front  from  above  barely 
propagated  down  to  the  surface  of  the  previous  layer.  The  uniformity  of  layer  thickness 
is  particularly  notable.  In  contrast,  the  fabricated  layers  in  the  cross-section  of  specimen 
102497  produced  at  a  higher  laser  power  density,  shown  on  the  right  in  Figure  7,  are  com¬ 
pletely  indistinguishable  indicating  continuous  grain  growth  across  the  layers.  This  indicates 
that  sufficient  meltback  of  the  previous  layer  took  place  tp  induce  epitaxial  solidification.  It 
should  be  noted  that  these  micrographs  on  traverse  approximately  three  layer  thicknesses. 


Figure  6:  Schematic  of  free  energy  change  associated 
with  heterogeneous  nucleation  in  casting  and  welding 
juxtaposed  with  free  energy  change  in  homogeneous 
nucleation  (after  Grong,  1994). 
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Figure  7;  Etched  microstructure  of  Ti-6A1-4V  specimen  102097  (Kroll’s  reagent). 


Another  benefit  resulting  from  epitaxial  solidification  is  fine  grain  size  resulting  in  im¬ 
proved  mechanical  properties.  Equation  10  shows  that  for  heterogeneous  nucleation  to  pro¬ 
ceed,  the  critical  radius  of  the  nucleus  r*  depends  on  the  solid-liquid  interfacial  free  energy 
7s£,.  However,  in  SLS,  the  solid  and  liquid  are  of  the  same  composition  (assuming  negligible 
contamination  or  segregation).  Thus,  Jsl  is  very  small  implying  that  r*  is  very  small.  Since 
SLS  is  a  localized  solidification  process,  this  means  that  under  identical  processing  condi¬ 
tions  (temperature  gradients  at  the  solid  liquid  interface,  cooling  rates,  etc),  the  “as  SLS 
processed”  material  will  exhibit  finer  and  more  uniform  grain  size  compared  to  conventional 
casting.  This  hypothesis  was  also  confirmed  by  examining  the  etched  microstruture  of  SLS 
processed  Ti-6A1-4V  which  revealed  finer  grain  size  than  conventionally  cast  Ti-6A1-4V. 

Thus,  the  mechanism  for  “good  wetting”  in  direct  SLS  is  epitaxial  solidification  by  het¬ 
erogeneous  nucleation.  As  an  analogue  to  fusion  welding  [9],  in  SLS,  remelting  of  the  previous 
layer  is  necessary  to  ensure  full  density.  Remelting  the  previous  layer  removes  surface  con¬ 
taminants,  breaks  down  oxide  films,  provides  a  clean  solid-liquid  interface  at  the  atomic  level 
and  allows  epitaxial  grains  to  grow  heterogeneously.  Laser  processing  parameters  in  direct 
SLS  should  be  chosen  so  as  to  ensure  that  sufficient  meltback  of  the  previous  layer  takes 
place  and  continuity  of  the  solid-liquid  interface  under  the  moving  laser  beam  is  maintained. 
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3  Volatilization  of  Elements  in  Direct  SLS 

Volatilization  of  elements  is  a  well  known  phenomenon  in  vacuum  metallurgy  [1],  welding 
[2,  3],  electron  beam  processing  [4,  5]  and  thin  film  technology  [6].  Evaporation  and  conden¬ 
sation  of  metals  has  been  noted  in  direct  SLS  as  well.  The  evaporation  process  from  a  metal 
melt  is  governed  by  four  distinct  regimes:  mass  transport  of  atoms  from  the  interior  of  the 
melt  to  its  surface,  phase  change  to  gaseous  state  at  the  surface,  mass  transport  in  the  gas 
phase  above  the  melt  and  finally  condensation. 


3.1  Evaporation  of  a  Pure  Metal 

The  molecular  (or  atomic)  rate  of  evaporation  per  unit  area  and  time  for  a  liquid  in  equilib¬ 
rium  with  its  vapor  was  derived  first  by  Hertz  and  later  modified  by  Knudsen  [6]  to  give 


dNe  _  (  1  y, 

Aedt  "H27rmA:r;  ^  " 


P) 


(1) 


where  m  is  mass  of  an  individual  molecule,  k  is  Boltzmann’s  constant,  T  is  the  absolute 
temperature,  is  the  vapor  pressure  at  the  liquid’s  surface  temperature  and  P  is  the 
hydrostatic  pressure  acting  on  the  liquid  surface.  The  coefficient  accounts  for  the  fraction 
of  vaporized  molecules  that  are  ejected  and  not  resorbed  back  into  the  evaporating  surface, 
hence,  the  maximum  evaporation  rate  is  attained  when  =  1. 

Langmuir  showed  that  the  Hertz-Knudsen  equation  was  also  applicable  to  vaporization 
from  free  solid  surfaces.  In  addition,  he  demonstrated  that  for  pressures  below  0.1  Torr 
(f«  10“^  atm),  the  vaporization  rate  is  independent  of  residual  gas  pressure  due  to  the 
negligible  resistance  offered.  This  resulted  in  the  Langmuir  equation  for  the  maximum 
vaporization  rate  expressed  in  mass  flux  form  as  [6] 


V27rfeTy 


Pv 


(2) 


The  Clausius-Clapeyron  equation  describes  the  change  of  equilibrium  vapor  pressure  as 
a  function  of  temperature  and  is  given  by 


dPy  LdT 

~Py  ^ 


94 


where  L  is  the  molar  latent  heat  of  vaporization  and  R  is  the  molar  gas  constant.  If  the  latent 
heat  of  vaporization  is  assumed  constant  for  the  temperature  range  of  interest,  equation  3 
can  be  integrated  to  give  the  relation 

Py{T)  =  Foe“^  (4) 

For  most  materials,  in  the  range  of  vapor  pressures  below  1  Torr  (1.315  x  10~®  atm),  it  has 
been  observed  experimentally  [7]  that  the  vapor  pressure  is  indeed  related  to  the  temperature 
in  the  form  of  equation  4.  Substituting  equation  4  into  equation  2  for  the  evaporation  rate 
yields  the  form 


r 


(—Ve- 

\27rkT) 


(5) 


showing  the  near  exponential  dependence  of  the  vaporization  rate  on  the  vaporization  tem¬ 
perature. 


3.2  Alloy  Melting  and  Vaporization  Under  Vacuum 

In  the  melting  of  alloys  under  vacuum,  volatile  solute  and  impurity  atoms  are  vaporized  in 
addition  to  base  metal  atoms.  Therefore,  mass  transport  of  the  solute  from  the  interior  to 
the  surface  must  be  considered  in  addition  to  evaporation  from  the  surface.  Both  processes 
contribute  to  the  overall  transfer  of  metal  atoms  into  the  gas  phase  and  it  is  therefore 
important  to  determine  the  rate  limiting  step. 

The  average  mass  transfer  coefficient  in  an  stirred  metal  melt  is  described  by  [8] 


where  D  is  the  diffusion  coefficient  (rm? /s)  of  the  solute  in  the  liquid  and  6  is  the  “residence 
time”  (s),  which  is  given  by  the  melt  pool  characteristic  length  divided  by  the  surface  velocity 
of  the  flowing  melt. 

Thus,  the  flux  to  the  surface  from  the  bulk  liquid  is 


JA  =  kmACAoo  -  C%)  (7) 

where  Ja  is  the  flux  (mol  Caoo  and  0%  are  volumetric  concentrations  of  the  solute 

in  the  bulk  and  at  the  surface  respectively. 

Evaporation  from  the  surface  of  a  pure  metal  was  described  earlier.  In  the  case  of  an 
alloy,  the  evaporation  rate  or  flux  of  an  alloying  component  is  given  by  [8] 


JA 


IaP^aC 


s 

A 


(8) 


where  ja  is  the  activity  coefficient  of  the  component,  P^  is  the  vapor  pressure  of  the  pure 
component  at  the  temperature  under  consideration,  p  is  the  molar  density  of  the  alloy  and 
M  is  the  alloy’s  molecular  weight.  From  equation  8,  the  mass  transfer  coefficient  for  surface 
evaporation  is 
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When  the  melting  and  vaporization  takes  place  under  vacuum  better  than  0.1  Torr,  the 
resistance  to  mass  transport  in  the  gas  phase  is  negligible,  as  was  indicated  earlier.  Under 
this  condition,  the  liquid  phase  mass  transfer  and  evaporation  fluxes  are  in  equilibrium. 
Therefore, 


kmACAoo-C\)  =  kra,eC\  ,  (10) 

Subsituting  for  C%  from  equation  10  into  equation  7,  the  expression  for  the  flux  is  given 


by 
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^171,6^171,1 

km,i  T  k; 
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j4oo 


m,e , 


=  KCaoo 


(11) 

(12) 


where  K  is  the  overall  mass  transfer  rate  constant  which  can  be  rewritten  as 


K 


1  1 
“■  +  — 

"m,l 


(13) 


By  evaluating  the  magnitudes  of  the  “resistances”  and  offered  by  each  step, 
once  can  determine  whether  they  are  the  same  order  of  magnitude  or  one  is  clearly  the  rate 
limiting  step.  The  higher  the  degree  of  stirring  or  convection  in  a  melt,  the  higher  the  value 
of  km, I  and  the  smaller  its  effect  on  the  overall  mass  transfer  rate.  Conversely,  the  lower  the 
vapor  pressure  of  the  solute,  the  smaller  the  value  of  km,e  and  the  greater  the  resistance 
offered  by  surface  evaporation  to  mass  transport. 

For  example,  it  has  been  reported  [5]  that  for  electron  beam  processing  of  a  wide  variety 
of  liquid  metal  systems,  km,i  falls  in  the  range  1  x  10~^  —  5  x  10“^  m/s.  In  the  refining  of  silver 
from  liquid  copper  at  1920  K  by  electron  beam  melting  in  a  water  cooled  hearth,  the  rate 
constants  reported  were  km,e  =  6-1  x  10“'*  m/s,  =  1.4  x  10“^  m/s  to  yield  km,i  =  1-9  x  10“'* 
m/s.  Given  that  the  hearth  area  was  0.16  and  typical  surface  velocity  observed  in  this 
experiment  was  7  x  10“^  m/s,  the  residence  time  6  is  of  order  3s.  This  value  is  of  the 
order  of  the  time  expected  in  an  inductively  stirred  melt  [8].  If  this  system  is  considered 
for  full  density  SLS  processing  (where  a  continuous  melt  pool  would  be  maintained),  as  a 
first  approximation  we  can  assume  that  the  laser  scan  speed  is  representative  of  the  surface 
velocity  in  the  melt  pool  and  the  melt  pool  size  is  on  the  order  of  the  beam  diameter.  For 
a  typical  scan  speed  of  5.08  cm/s  (2  in/s)  and  a  beam  diameter  of  0.05  cm,  the  value  of  6  is 
0.01s.  Due  to  the  high  surface  velocity  for  the  pool  size  under  consideration,  it  is  expected 
that  stirring  is  even  more  vigorous  in  SLS  and  that  km,i,sLS  ~  lOA;^,;,^^.  This  calculation  is 
based  on  a  very  conservative  estimate  of  flow  velocity  at  the  pool  surface.  Surface  velocities 
induced  by  surface  tension  gradients  that  are  2  to  3  orders  of  magnitude  higher  than  the 
velocity  of  the  moving  heat  source  have  been  observed  and  predicted  [3].  This  indicates  very 
good  mixing  in  the  melt  pool  and  that  the  rate  limiting  step  for  mass  transfer  is  volatilization 
at  the  pool  surface. 
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Evaporation  of  alloying  elements  from  the  melt  pool  also  causes  loss  of  input  laser  power. 
The  power  loss  due  to  evaporation  of  an  alloying  element  is  given  by  [2] 

Pl,a  =  Ta{La-AHa)  (14) 

where  is  the  power  lost  due  to  evaporation  of  element  A,  is  the  evaporation  rate  of 
element  A,  La  is  the  heat  of  vaporization  of  pure  component  A  and  AH  a  is  the  partial  molar 
heat  of  mixing  of  A  in  the  alloy.  The  evaporative  power  loss  affects  the  peak  temperature 
attainable  in  the  melt  pool. 

3.3  Vaporization  Characteristics  of  Elements  Relevant  to  SLS 

Empirical  data  obeying  the  form  of  equations  4  and  5  have  been  used  by  Dushman  [7]  to 
tabulate  data  for  a  wide  variety  of  elements.  The  vapor  pressure  data  for  selected  elements 
of  relevance  to  SLS  are  shown  in  Table  1 . 


Element 

T 

m 

(“C) 

% 

(°C) 

Vaporization  Temperature  (°  C) 

At  Pressure  (Torr) 

10-^ 

10-4 

10"=^ 

lo--^ 

10-4 

1 

A1 

659 

2447 

882 

972 

1082 

1207 

1347 

1547 

B 

2027 

3927 

1687 

1827 

1977 

2157 

2377 

2657 

Co 

1495 

2877 

1162 

1262 

1377 

1517 

1697 

1907 

Cr 

1903 

2665 

1062 

1162 

1267 

1392 

1557 

1737 

Cu 

1084 

2578 

942 

1032 

1142 

1272 

1427 

1622 

Fe 

1539 

2857 

1107 

1207 

1322 

1467 

1637 

1847 

Mg 

650 

1104 

287 

330 

382 

442 

517 

612 

Mn 

1244 

2051 

697 

767 

852 

947 

1067 

1227 

Mo 

2577 

4827 

1987 

2167 

2377 

2627 

2927 

3297 

Ni 

1452 

2839 

1142 

1247 

1357 

1497 

1667 

1877 

Pb 

328 

1751 

487 

551 

627 

719 

832 

977 

Si 

1415 

2787 

1177 

1282 

1357 

1547 

1717 

1927 

Ti 

1660 

3287 

1321 

1431 

1558 

1703 

1877 

2083 

V 

1857 

3377 

1432 

1551 

1687 

1847 

2037 

2287 

W 

3377 

5527 

2547 

2757 

3007 

3297 

3647 

n/a 

Zn 

420 

906 

208 

246 

290 

342 

405 

485 

Zr 

1852 

4405 

1837 

2002 

2187 

2387 

2647 

2977 

TTO=Melting  point  Tb=. 

Nformal 

boiling  point 

Table  1:  Vaporization  temperature  of  selected  elements  as  a  function  of  pressure. 


Some  important  observations  can  be  made  in  this  table  with  regard  to  SLS  process 
control.  For  example,  in  the  10“^  —  10“^  Torr  vacuum  range,  all  elements  in  the  table  except 
A1  and  Pb  have  vaporization  temperature  lower  than  their  respective  melting  points.  Hence, 
all  these  elements  will  show  a  very  high  tendency  to  vaporize  when  processed  under  this 
vacuum  range.  The  vaporization  temperature  approaches  and  exceeds  the  melting  point  in 
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the  10“^  —  10“^  Torr  range.  In  the  1  —  10“^  Torr  range,  most  vaporization  temperatures  are 
in  excess  of  the  melting  points  but  not  significantly.  This  range  allows  melt  superheat  by  a 
few  hundred  degrees  Centigrade  before  the  vaporization  temperature  is  attained.  However, 
it  should  be  noted  that  even  at  1  Torr,  Cr,  Cu,  Mg,  Mn  will  all  vaporize.  Therefore,  it 
is  apparent  that  to  inhibit  vaporization,  SLS  processing  under  partial  pressure  rather  than 
high  vacuum  is  necessary. 


3.4  Partial  Pressure  Processing — Reducing  Mean  Free  Path 


Volatilization  of  alloying  elements  has  been  observed  during  SLS  processing  under  high  vac¬ 
uum.  The  most  deleterious  effect  of  this  phenomenon  is  condensation  of  volatilized  elements 
on  the  laser  window,  severely  affecting  consistency  of  laser  energy  delivery.  Condensation  of 
volatilized  elements  also  takes  place  on  chamber  interior  surfaces  that  can  cause  contamina¬ 
tion  during  subsequent  processing  of  other  materials.  Volatilization  can  also  cause  depletion 
of  alloying  elements  resulting  in  alteration  of  alloy  chemistry. 

In  the  absence  of  laser  spot  temperature  control  so  as  to  regulate  the  temperature  of  the 
melt  zone,  some  degree  of  superheat  is  likely  to  occur.  Therefore,  it  is  necessary  to  select  the 
operating  pressure  based  on  the  elemental  constituents  that  have  the  highest  vaporization 
tendency.  In  order  to  maintain  purity  of  the  processing  atmosphere,  this  entails  evacuating 
the  chamber  to  high  vacuum  followed  by  back  fill  to  partial  pressure  with  an  ultrahigh  purity 
inert  gas  such  as  99.999%  purity  Argon  or  Helium  (<  2  ppm  oxygen,  <  3  ppm  moisture, 
<  1  ppm  hydrocarbons  and  <  6  ppm  nitrogen  [9]).  It  is  necessary  implement  inert  gas 
partial  pressure  processing  to  decrease  the  mean  free  path  of  gaseous  element  atoms  so  that 
condensation  on  the  laser  window  is  inhibited.  In  addition,  if  a  continuous  fiow  of  inert  gas  is 
maintained  to  provide  “dynamic”  partial  pressure  processing,  volatilized  material  will  tend 
to  be  flushed  away  from  the  processing  zone  and  out  of  the  vacuum  system. 

The  mean  free  path  is  defined  as  the  average  distance  between  successive  collisions  of 
gaseous  molecules  and  is  given  by  [6] 


kT 

\/2P7r(7^ 


(15) 


where  k  is  Boltzmann’s  constant,  T  is  the  absolute  temperature,  P  is  the  pressure  and  a  is 
the  molecular  diameter.  Assuming  a  =  5  A,  T  =  298Ar  and  P  is  expressed  in  Pa,  equation  15 
reduces  to 


3.642  X  10-2 
P 


(m) 


(16) 


Table  2  shows  the  mean  free  path  as  a  function  of  pressure  over  10  decades.  Upon 
inspection  of  table  2,  the  reason  for  substantial  condensation  of  elemental  volatiles  on  the 
laser  window  is  clear.  The  distance,  r,  from  the  laser  window  to  the  scanned  powder  surface 
is  typically  less  than  0.5  m.  At  10“^  Torr,  the  mean  free  path  is  about  35  m.  Therefore,  at 
10“^  Torr  vacuum  levels,  volatilized  metal  atoms  travel  unimpeded  to  the  laser  window  and 
processing  chamber  walls.  At  an  order  of  magnitude  lower  vacuum,  i.e.  10“®  Torr,  the  mean 
free  path  of  3.59  m  is  still  an  order  of  magnitude  larger  than  r.  It  is  only  at  lO-^  Torr  that  the 
mean  free  path  is  of  same  order  of  magnitude  as  r.  Thus,  if  the  arrival  rate  of  volatilized  metal 
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Pressure  (atm) 

Pressure  (Torr) 

A  (m) 

1 

760 

3.59  X  10-1* 

10-1 

76 

3.59  X  10-^ 

10-2 

7.6 

3.59  X  10-1* 

10-^ 

7.6  X  10-1 

3.59  X  10-^ 

10-4 

7.6  X  10-2 

3.59  X  10-4 

10-^ 

7.6  X  10-*i 

3.59  X  10-*i 

10-1* 

7.6  X  10-4 

3.59  X  10-2 

10-^ 

7.6  X  10-^ 

3.59  X  10-1 

10-1* 

7.6  X  10-1* 

3.59 

10-1* 

7.6  X  10-^ 

35.9 

Table  2;  Mean  free  path  for  various  pressures. 


atoms  at  their  condenation  on  the  laser  window  is  to  be  substantially  curtailed,  it  is  necessary 
to  operate  at  still  higher  pressure  levels.  We  assume  that  the  arrival  rate  is  substantially 
reduced  by  decreasing  the  mean  free  path  to  two  orders  of  magnitude  lower  than  r.  This 
hypothesis  suggests  that  the  desired  operating  vacuum  (pressure)  level  is  in  the  neighborhood 
of  7.6  X  10“^  Torr.  This  hypothesis  was  indeed  confirmed  by  experiment.  While  substantial 
condensation  was  observed  at  10“^  Torr  partial  pressure  processing,  condensation  on  the 
laser  window  was  nearly  completely  eliminated  at  10“^  Torr  levels,  allowing  the  fabrication 
of  large  complex  parts  spanning  several  hundred  layers  and  several  tens  of  hours  build  time. 


3.5  Alloy  Melt  Refining  by  Evaporation  of  Suboxides 

Melting  of  high  performance  alloys  under  high  vacuum  or  ultrahigh  purity  inert  gas  partial 
pressure  enviroments  can  provide  the  added  benefit  of  alloy  refinement  by  volatilization  of 
oxides,  impurities  and  non-metallic  inclusions.  Refining  of  alloy  melts  during  SLS  processing 
under  vacuum  can  occur  by  mechanisms  very  similar  to  those  in  vacuum  induction  melting 
(VIM),  vacuum  arc  remelting  (VAR)  and  electron  beam  cold  hearth  refining  (EBCHR).  The 
techniques  VIM,  VAR  and  EBCHR  are  presently  well  established  for  production  of  aerospace 
and  specialty  alloys  including  nickel  base  superalloys  and  alloys  of  titanium  [10].  From  the 
perspective  of  SLS  process  control,  it  is  important  to  consider  the  refining  mechanisms  and 
their  impact  on  the  chemistry  of  the  processed  material. 

If  the  stoichiometric  form  of  the  metal  oxide  is  MxOy,  then  the  atomic  ratio  of  oxygen 
to  metal  in  the  vapor  is  given  by 


^  (17) 

M  T.xPM^Oy 

where  P  is  the  partial  pressure  of  the  MxOy  gaseous  species. 

The  oxygen  to  metal  ratio  in  the  metallic  phase  is  defined  as  the  ratio  of  mole  fractions  of 
oxygen  and  metal.  At  low  concentrations  of  oxygen,  this  ratio  reduces  to  the  mole  fraction 
Xq  of  oxygen  in  the  metal.  The  ratio  R  is  defined  as  [11] 
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Element 

Evaporating  oxide 

T(K) 

Pm  (atm) 

Xo  (sat) 

R  (low  Xq) 

Oxygen  alloys  of  4th  group  metals 

Si 

SiO 

1685 

10-6.3 

0 

00 

Ge 

GeO 

1210 

10-^ 

10-2.5 

109.5 

Sn 

SnO 

1000 

10-10 

10-^ 

Pb 

PbO 

1000 

10^ 

10-^-^ 

1023 

Oxygen  alloys  of  transition  metal 

Is 

Ti 

TiO 

1940 

10-5.2 

0.3 

1 

V 

VO 

2190 

10-4.4 

0.3 

10 

Cr 

CrO 

2171 

10-^ 

10O.5 

Mn 

MnO 

1516 

lO-''*-^ 

io-‘^ 

10-^ 

Fe 

FeO 

1810 

Co 

CoO 

1765 

10-5.1 

lO-^-i 

10 

Ni 

NiO,  0 

1726 

10-5.4 

10-2.1 

10 

Oxygen  alloys  of  refractory  metal 

Is 

Zr 

ZrO 

2125 

lO-"-" 

10 

Nb 

NbO 

2740 

10^ 

Mo 

MO3O9,  MO3,  MO25  0 

2880 

—10=13 

W  “ 

Ta 

TaO 

3250 

10"^ 

10^ 

W 

W3O9,  WO3,  WO2,  0 

3650 

io® 

Table  3:  Vaporization  behavior  of  selected  elements,  after  Brewer  and  Rosenblatt  (1962). 


R  = 


vapor 


metal 


If  R  ^  1,  vaporization  of  the  metal  phase  will  louver  the  oxygen  content  of  the  base 
metal.  Brewer  and  Rosenblatt  [11]  state  that  substantial  purification  (>50%)  will  only 
occur  if  R  >  10  since  for  R  =  10,  vaporization  of  10%  of  the  metal  results  in  50%  reduction 
of  oxygen  impurity.  Their  data  for  various  metals  is  shown  in  Table  3. 

Inspection  of  Table  3  reveals  that  the  elements  Si,  Ge,  Pb  and  Sn  will  undergo  high 
purification  by  evaporative  loss  of  oxide.  However,  the  second  group  of  metals  which  are  of 
most  interest  to  SLS  (consituents  of  steel,  titanium  and  alloys)  will  not  undergo  substantial 
deoxidation.  Therefore,  in  order  to  meet  specifications  on  the  chemistry  of  such  alloys  while 
processing  by  SLS  under  vacuum  or  ultrahigh  purity  inert  gas  partial  pressure  environments, 
it  is  important  to  monitor  not  only  the  initial  chemisty  of  the  feedstock  material  but  also 
the  leak  integrity  of  the  processing  environment  to  prevent  further  contamination.  On  the 
other  hand,  the  refractories  except  Zr  all  have  very  high  values  of  R  and  will  thus  undergo 
very  good  purification. 
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4  Surface  Tension  Driven  Instabilities 

Surface  tension  plays  an  important  role  in  localized  melting  processes  such  as  welding  and 
direct  SLS.  For  instance,  it  is  well  known  that  the  surface  tension  of  pure  metals  is  a  decreas¬ 
ing  function  of  temperature.  Therefore,  temperature  gradients  in  a  melt  pool  can  give  rise 
to  surface  tension  gradients  and  associated  Marangoni  convection.  It  is  also  well  known  that 
small  amounts  of  impurity  elements  can  drastically  alter  the  surface  tension  values  and  sur¬ 
face  tension  gradients,  changing  the  direction  of  flow  in  the  melt  pool.  Even  under  isothermal 
conditions,  capillary  instabilities  are  known  to  occur  in  the  flow  of  jets,  rivulets  and  planar 
bodies  of  fluids.  These  instabilities  result  from  disturbances  giving  rise  to  surface  waves 
whose  amplitude  can  get  large  enough  so  that  the  fluid  breaks  up  into  smaller  volumes  to 
minimize  surface  free  energy.  Two  aspects  of  surface  tension  driven  effects  influenced  by  the 
scan  speed  and  scan  spacing  in  SLS  are  addressed  with  their  implications  on  the  geometry 
of  the  laser  processed  and  subsequently  solidified  melt. 

To  investigate  the  effect  of  scan  speed  on  the 
shape  of  the  solidified  melt,  single  line  scan  exper¬ 
iments  were  performed  by  scanning  0.5  inch  long 
lines  on  Alloy  625  powder  at  80  Watts  Nd:YAG 
laser  powder,  under  high  vacuum  (<  10“®  Torr) 
and  without  powder  preheat  (powder  at  ambient 
temperature).  The  flow  and  solidification  behavior 
of  the  melt  was  captured  by  video  microscopy  at 
30  frames/s.  Testing  at  a  variety  of  scan  speeds 
confirmed  that  the  flow  behavior  of  the  melt  was 
very  similar  to  the  jet  instability.  At  high  scan 
speeds,  the  melt  tended  to  be  broken  up  or  “atom¬ 
ized”  into  a  number  of  droplets,  whereas  at  slower 
scan  speeds,  the  melted  line  tended  to  form  regu¬ 
larly  spaced  beads  or  undulations  whose  size  grew 
with  decreasing  scan  speed,  eventually  tending  to¬ 
wards  jet  break-up  at  very  slow  speeds.  Figure  1  shows  three  scan  lines  Alloy  625.  From  left 
to  right,  the  lines  were  scanned  at  1.4  in/s,  0.7  in/s  and  0.35  in/s  respectively,  showing  the 
relative  differences  in  line  width,  bead  geometry  and  bead  frequency  as  a  function  of  scan 
speed. 

Two  types  of  instabilities  were  observed  during  raster  scanning  in  SLS  of  metals.  The 
first  type,  termed  the  starting  edge  instability  occurs  at  the  edge  where  raster  scanning  is 


Figure  1;  Single  line  scans  on  Alloy  625 
at  1.4,  0.7  and  0.35  in/s. 
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initiated.  The  molten  material  at  the  starting  edge  exhibits  a  tendency  to  break  up  or  tear 
into  smaller  pieces.  Under  a  wide  variety  of  laser  processing  conditions,  the  tendency  of  the 
melt  to  break  up  was  noted  to  attenuate  after  the  first  four  or  5  lines  were  scanned.  The 
flow  behavior  of  the  starting  edge  instability  is  very  similar  to  the  behavior  of  single  line 
scans  illustrated  in  the  previous  section.  The  second  instability,  termed  surface  instability 
pertains  to  the  formation  of  ripples  on  the  surface  of  a  solidified  layer.  At  fixed  laser  power, 
scan  speed  and  scan  vector  length,  this  instability  is  strongly  attenuated  by  decreasing  the 
scan  spacing. 

Single  layer  raster  scan  experiments  were  performed  by  scanning  0.5  inch  long  lines  at  11.2 
in/s  on  Alloy  625  powder  (-325  mesh)  at  80  Watts  Nd:YAG  laser  powder,  under  high  vacuum 
(<  10“^  Torr)  and  without  preheating  the  powder.  The  flow  and  solidification  behavior  of 
the  melt  was  captured  by  video  microscopy  at  30  frames/s.  Testing  at  a  variety  of  scan 
spacings  confirmed  that  the  flow  and  solidification  behavior  of  the  melt  was  very  strongly 
influenced  by  the  scan  spacing.  A  progressive  transition  from  a  highly  rippled  surface  to  a 
very  smooth  surface  occurs  with  decreasing  scan  spacing. 

Shown  in  Figure  2  are  selected  video  frames  of  a  single  layer  raster  scanned  at  0.005 
inches  scan  spacing.  The  tendency  of  the  melt  produced  by  the  first  scanned  line  to  break 
up  is  apparent  in  frame  1.  Frame  2  reveals  that  with  progressive  scanning,  the  break  at  the 
middle  of  the  starting  edge  stabilizes  and  does  not  propagate.  However,  the  starting  edge 
attains  a  highly  irregular  definition,  while  the  trailing  edge  is  well  defined.  Frame  3  shows 
the  poor  surface  finish  of  the  entire  layer. 


Figure  2:  A  layer  of  Alloy  625  scanned  at  0.005  inches  scan  spacing 


A  raster  scan  spacing  of  0.0005  inches  is  about  the  smallest  scan  spacing  available  on 
the  scanning  apparatus  used  for  these  experiments.  By  inspecting  layers  scanned  with  scan 
spacings  ranging  from  0.005  to  0.0005  inches,  it  was  clear  that  while  the  starting  edge 
instability  manifests  itself  across  all  cases,  as  scan  spacing  decreases,  the  surface  instabilities 
are  damped  out  resulting  in  progressively  smoother  solidified  surfaces.  The  starting  edge 
instability  is  associated  with  the  short  interaction  time  of  the  moving  laser  beam  with  the 
powder,  causing  it  to  locally  melt  coupled  with  the  inherent  tendency  of  a  liquid  stream 
to  break  up  into  smaller  pieces.  In  raster  scanning  mode,  if  the  time  for  the  laser  beam 
to  return  to  a  previously  scanned  location  is  longer  than  the  local  solidification  time,  then 
that  portion  of  the  layer  has  already  solidified  and  possibly  substantially  cooled  below  the 
melt  temperature.  It  has  been  observed  experimentally  that  the  laser  beam  operating  in 
continuous  wave  (CW)  mode  is  typically  unable  to  substantially  remelt  the  soldified  material. 
The  scan  spacings  used  in  the  above  cases  were  all  smaller  than  the  laser  beam  diameter  (of 
order  0.020  inches).  Therefore,  during  raster  scanning,  each  point  on  the  scanned  surface  was 


103 


overlapped  multiple  times  by  the  laser  beam,  the  degree  of  overlap  increasing  with  decreasing 
scan  spacing. 

To  qualitatively  understand  the  effect  of  scan  spacing  on  the  temperature  history,  con¬ 
stant  vector  length  raster  scanning  can  be  idealized  as  an  infinite  medium  moving  at  a 
constant  speed  U  past  a  strip  heat  source  of  fixed  width  equal  to  the  beam  diameter  at  the 
scan  plane.  Only  pure  conduction  is  considered  in  this  analysis.  In  SLS,  if  the  scan  vector 
length  is  I  and  the  scanning  speed  of  the  rastering  laser  beam  is  v,  then  the  time  taken  to 
scan  one  vector  is  given  by 


After  scanning  a  vector,  the  laser  beam  is  indexed  over  to  the  starting  position  of  the  next 
vector  by  a  distance  equal  to  the  scan  spacing  5.  This  movement  takes  place  very  rapidly 
and  hence  the  time  taken  to  index  the  beam  is  negligible  compared  to  ty.  Therefore,  we  can 
assume  for  all  intents  and  purposes  that  the  total  time  to  index  the  beam  by  a  distance  S  in 
the  transverse  direction  is  ty.  Therefore,  the  transverse  velocity  of  the  idealized  moving  line 
source  is  given  by 


ty 


It  is  readily  apparent  that  for  a  fixed  scanning  speed  u  and  fixed  scan  vector  length  I 
(as  was  maintained  in  the  experiments  described  above),  The  transverse  speed  U  is  directly 
proportional  to  the  scan  spacing  5.  If  Q  is  the  heat  emitted  per  unit  time  per  unit  area  over 
the  strip,  the  steady  state  temperature  distribution  at  a  point  (x,  y,  z)  in  the  medium  for  a 
infinite  strip  source  —b<x<b,  — oo  <  y  <  oo  in  the  plane  z  =  0  is  given  by  [1] 

^  {U[{x  -  x'y  +  dx'  (1) 

-b 

where  K  is  the  thermal  conductivity,  k  is  the  thermal  diffusivity  and  Kq  is  the  modified 
Bessel  function  of  the  second  kind  of  order  0.  By  defining  the  dimensionless  variables 


A 


2ac’  ~ 

the  integral  of  equation  1  at  the  surface  (z=0)  becomes 


2k 


T(:c,2/,0)  =  ^  /  e-^Ko{\u\}du 

X-B 

The  generic  form  of  the  integral  in  equation  3  is  given  by  [2] 

a 

I{a)  —  J  e~'^Ko{\u\}du  =  ae~°'{Ko{a)  —  Ki(a)}  +  1, 
0 

a 

=  -j  e^Ko{\u\}du  =  1  -  ae“{A:o(a)  +  Ai(a)}, 


a  >  0 


a  <  0 


(2) 

(3) 


(4) 
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where  Kq  is  as  defined  before  and  Ki  is  the  modified  Bessel  function  of  the  second  kind  of 
order  1. 

Therefore,  equation  3  can  be  rewritten  as 

T(x,  y,  0)  =  ^(/(A'  +  B)  -  /(A  -  B)]  (5) 

Plots  of  the  steady-state  temperature  (scaled  by  as  a  function  of  strip  source  location 
X  (scaled  by  |)  for  various  values  of  5  are  shown  in  Figure  3,  with  each  successive  value  of 
5  half  the  previous  value,  as  was  selected  in  the  experiments.  The  instantaneous  location 
of  the  strip  heat  source  center  line  is  at  x  =  0.  As  expected,  from  the  plots  of  Figure  3, 
it  is  apparent  that  the  steady  state  temperature  is  inversely  proportional  to  scan  spacing. 
Therefore,  in  the  real  situation  where  melting  and  solidification  are  taking  place  in  addition 
to  heat  conduction,  it  is  expected  that  scanned  regions  will  remain  at  higher  temperatures 
for  longer  times.  Thus,  it  is  conceivable  that  under  certain  conditions  of  laser  power  and 
scan  speed,  as  scan  spacing  is  decreased,  local  regions  could  remain  molten  (or  in  the  mushy 
state)  during  successive  passes  of  the  laser  (i.e.  for  a  number  of  contiguous  vectors).  Thus, 
increasing  the  solidification  time  for  a  strip  like  region  parallel  to  the  direction  of  the  scanning 
laser  beam,  while  maintaining  uniformity  of  temperature  along  its  scan  length  could  allow 
for  surface  tension  driven  instabilities  in  the  melt  to  be  damped  out,  resulting  in  improved 
surface  flatness  or  smoothness,  as  observed  experimentally. 


Figure  3:  Steady  state  temperature  vs.  coordinate  for  a  strip  heat  source. 


One  method  of  eliminating  the  starting  edge  instability  is  to  displace  the  starting  edge 
into  the  interior  of  the  layer  while  minimizing  the  length  of  the  starting  scan  vectors.  In 
the  extreme  case,  the  starting  scan  vector  can  be  reduced  to  a  point.  This  technique  can  be 
easily  applied  by  starting  the  scan  at  the  center  and  tracing  concentric  patterns  of  increasing 
dimension  towards  the  edges.  An  example  of  this  technique  for  a  circular  cross-section  is 
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shown  in  Figure  4.  In  this  case,  the  laser  starts  at  the  center  of  the  circle  and  traces  an 
Archimedean  spiral.  As  can  be  seen  in  frames  1,  there  is  no  balling  or  beading  of  the  melted 
and  resolidified  material.  Frames  2  and  3  show  not  only  a  flat  solidified  layer  surface  but 
also  excellent  edge  definition  at  the  outward  propagating  solidification  front.  In  addition  to 
eliminating  the  starting  edge  instability,  with  the  absence  of  abrupt  changes  in  scan  direction, 
this  type  of  scanning  ensures  that  continuity  of  the  solid-liquid  interface  is  maintained  at  the 
instantaneous  location  of  the  moving  laser  beam.  Maintaining  continuity  of  the  moving  solid- 
liquid  interface  is  essential  to  avoid  macro-porosity  and  other  defects  in  materials  processed 
by  direct  SLS. 


Figure  4:  Archimedes  spiral,  scanned  at  0.00125  inches  scan  spacing 


5  Powder  Caking 

Powder  bed  caking  has  been  observed  while  preheating  powder  during  SLS  processing.  For 
Alloy  625  and  Ti-6A1-4V,  450°  C  and  350°  C  respectively  were  the  threshold  preheat  tem¬ 
peratures  at  which  substantial  powder  caking  was  noted  to  occur.  It  was  also  noted  that 
despite  Ti-6A1-4V  having  a  250°  C  higher  melting  temperature  range  and  twice  the  particle 
size  as  that  of  Alloy  625,  its  tendency  was  to  cake  more  vigorously.  Therefore,  a  study 
was  undertaken  to  understand  the  low  temperature  (with  respect  to  melting  temperature) 
sintering  characteristics  of  metal  powder  materials  and  their  effects  on  powder  morphology. 

Powder  caking  is  the  result  of  sintering  (necking  and  densification)  between  adjacent  pow¬ 
der  particles.  Sintering  is  initiated  by  thermally  activated  mass  transport  between  powder 
particles  and  is  typically  observed  to  consist  of  three  stages,  namely  initial  stage  sintering, 
intermediate  stage  sintering  and  final  stage  sintering. 

During  initial  stage  sintering,  surface  transport  and  bulk  transport  are  the  primary  modes 
of  mass  transport  contributing  to  necking  and  densification.  In  surface  transport,  surface 
diffusion  and  evaporation-condensation  are  the  two  most  significant  mechanisms,  while  for 
bulk  transport  volume  diffusion,  grain  boundary  diffusion,  plastic  flow  and  viscous  flow  are 
the  most  significant.  The  distinction  between  the  two  primary  modes  is  that  surface  transport 
leads  to  neck  formation  and  neck  growth  without  net  volume  change  {i.e.  densification), 
whereas  bulk  transport  results  in  shrinkage. 

German  [3]  states  that  surface  diffusion  dominates  low  temperature  sintering  in  many 
metals.  For  bulk  transport,  he  states  that  plastic  flow  is  important  for  sintering  of  compacted 
powders  with  high  dislocation  density  while  viscous  flow  must  be  considered  when  a  liquid 
phase  appears  at  the  grain  boundaries.  It  is  also  stated  that  grain  boundary  diffusion  is  quite 
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important  in  the  densification  of  most  crystaline  materials.  In  view  of  the  above  arguments, 
only  surface  diffusion,  volume  diffusion  and  grain  boundary  diffusion  were  considered  for  the 
investigation  of  low  temperature  sintering  to  explain  the  caking  behavior  of  loosely  packed 
preheated  powders  in  SLS. 

To  study  powder  caking  as  a  result  of  powder  preheat  in  SLS,  we  restrict  ourselves  to 
initial  stage  sintering.  The  general  equation  for  initial  stage  sintering  (final  fractional  density 
<  70%)  is  given  by  [3] 


where  X  is  the  neck  diameter,  D  is  the  powder  particle  diameter,  B  is  a  parameter  governed 
by  the  dominant  sintering  mechanisms,  t  is  the  time  and  the  exponents  n  and  m  are  also 
determined  by  the  specific  sintering  mechanisms.  Equation  6  is  generally  valid  for  the  range 
0  <  ^  <  0.3.  The  form  of  the  parameter  B  and  its  dependence  on  material  properties  for 
each  of  these  mechanisms  is  listed  by  German  [3].  The  forms  of  the  parameters  B,  m  and 
n  for  volume  diffusion,  grain  boundary  diffusion  and  surface  diffusion  are  shown  in  Table  1, 
where  7  is  the  surface  energy,  Dy,  Dt  and  Dg  are  the  temperature  dependent  (Arrhenius 
form)  diffusion  constants  for  volume,  grain  boundary  and  surface  diffusion  respectively,  Q.  is 
the  atomic  volume,  5  is  the  grain  boundary  width,  k  is  Boltzmann’s  constant  and  T  is  the 
temperature. 


Mechanism 

n 

m 

B 

Lattice  (volume)  diffusion 

5 

3 

80D„7f2/(A:r) 

Grain  boundary  diffusion 

6 

4 

205Db'yn/{kT) 

Surface  diffusion 

7 

4 

b6Ds^Cl^^y{kT) 

Table  1:  Sintering  parameters  for  volume,  grain  boundary  and  surface  diffusion. 


Initial  stage  sintering  curves  incorporating  the  cumulative  effect  of  mechanisms  in  Table  1 
for  titanium  (a  and  p),  nickel,  MARM200  (a  nickel  base  superalloy)  and  stainless  steel  304L 
are  shown  in  Figure  5  for  300°  C.  Several  sintering  characteristics  are  readily  discernible 
from  these  graphs.  At  the  same  particle  size  and  temperature,  the  alloys  (MARM200  and 
SS304L)  show  lesser  sintering  activity  than  the  pure  elements.  At  300°  C  and  0.5  hours, 
the  neck  radius  exceeds  5%  and  2%  of  the  particle  diameter  for  the  pure  elements  and  the 
alloys  respectively.  At  450°  C  at  0.5  hours,  the  neck  radius  for  pure  elements  is  more  than 
about  18%  of  the  particle  diameter  for  the  elements  and  approaching  10%  for  the  alloys.  The 
sintering  activity  rises  dramatically  at  600°  C  such  that  at  0.1  hours,  the  sintering  curves  for 
the  elements  are  out  of  the  range  of  validity  of  equation  6. 

These  results  explain  the  caking  behavior  as  a  result  of  preheat  observed  for  Alloy  625  and 
Ti-6A1-4V.  It  is  expected  that  the  caking  behavior  of  Alloy  625  (a  nickel  base  superalloy) 
will  be  similar  to  that  of  MARM200  while  the  caking  behavior  of  Ti-6A1-4V  {a.n  a  -  P 
alloy)  will  lie  between  that  of  a  titanium  and  P  titaninm.  Powder  caking  due  to  preheat  is 
highly  undesirable  in  SLS.  For  successful  delivery  and  laser  consolidation  of  powder  layers, 
it  is  vitally  important  to  maintain  free  flowing  characteristics  of  the  feedstock  powder.  The 
initial  stage  isothermal  sintering  model  predicts  that  significant  inter-particle  necking  and 
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T  =  300°  C,D  =  45/xm 


0  0.5  1  1.5  2 

Time  (hours) 

Figure  5:  Neck  diameter  vs.  time  at  300°  C. 


associated  powder  caking  will  occur  at  preheat  temperatures  as  low  as  300°  C.  Therefore, 
preheat  at  lower  temperatures  (100°  C  to  200°  C)  could  be  used  for  in  situ  dynamic  degassing 
of  adsorbed  contaminants  from  feedstock  powder  while  being  able  to  avoid  caking.  However, 
tremendous  cost  benefits  are  achievable  by  eliminating  the  need  for  a  heating  system  in  a 
SLS  machine.  The  ability  to  fabricate  full  density  components  by  SLS  without  any  external 
powder  bed  preheat  has  been  demonstrated  for  Ti-6A1-4V  [?  ]  and  is  expected  for  other 
materials  as  well.  A  heaterless  SLS  machine  for  metals  will  require  having  an  off-line  powder 
degas  apparatus  with  appropriate  “clean  handling”  procedures  to  transfer  degassed  powder 
to  the  SLS  chamber  without  contamination  or  exposure  to  air.  The  advantages  of  having  such 
a  combination  far  outweigh  the  advantages  of  having  an  integral  low  temperature  heating 
system  in  the  HTW. 

6  Conclusions 

An  understanding  of  some  of  the  important  physical  mechanisms  in  SLS  processing  of  metals 
was  achieved.  This  understanding  is  crucial  to  machine  design  and  process  control  develop¬ 
ment.  The  following  conclusions  can  be  made  with  respect  to  successful  direct  SLS  processing 
of  metals. 

1.  Processing  atmosphere  control  using  high  vacuum  or  low  oxygen  partial  pressure  ultra- 
pure  environment  is  necessary  to  prevent  surface  contamination,  poor  wetting  and 
internal  oxidation. 

2.  Poor  wetting  can  occur  even  with  good  atmosphere  control.  The  mechanism  for  “good 
wetting”  in  direct  SLS  of  metals  is  epitaxial  solidification  by  heterogeneous  nucleation. 
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In  order  to  obtain  full  density,  partially  remelting  previously  formed,  underlying  layers 
is  necessary  to  induce  epitaxial  solidification. 

3.  SLS  processing  under  vacuum  results  in  volatilization  of  alloying  elements  to  due  reduc¬ 
tion  of  vaporization  temperatures.  Volatilization  and  subsequent  condensation  on  the 
laser  window  causes  inconsistent  laser  energy  delivery  while  condensation  on  chamber 
internal  surfaces  can  potentially  contaminate  other  materials  processed  subsequently. 
Partial  pressure  processing  with  a  continuous  flow  of  ultra-pure  inert  gas  increases  the 
vaporization  temperature,  reduces  the  mean  free  path,  alleviates  elemental  volatiliza¬ 
tion  and  flushes  away  volatilized  material  from  the  processing  zone. 

4.  Surface  tension  driven  instabilities  in  raster  scanning  occur  at  the  starting  edge  and  on 
the  processed  surface.  In  raster  scanning,  the  starting  edge  instability  persists  while 
surface  instabilities  are  alleviated  by  using  a  fine  scan  spacing.  Both  instabilities  can 
be  eliminated  by  starting  the  scan  at  a  point  and  progressing  outward  in  a  continuous 
path  to  fill  the  area  to  be  consolidated. 

5.  Preheating  metal  powders  at  low  to  moderate  temperatures  leads  to  solid  state  sinter¬ 
ing,  caking  and  poor  powder  flow.  Preheating  and  associated  caking  are  detrimental 
to  SLS  processing  and  are  not  recommended. 
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Abstract 

To  successfully  control  the  welding  process  and  to  make  it  appropriate  for  solid  freeform 
fabrication  (SFF),  it  is  necessary  to  fully  imderstand  the  influence  of  the  welding  parameters  and 
the  geometry  of  the  substrate  on  the  resulting  weld  bead  dimensions.  Extensive  experiments 
with  different  welding  parameters  and  complex  geometrical  features  such  as  edges  and  comers 
have  been  designed  and  completed.  The  experimental  data  show  a  clear  correlation  between  the 
heat  input,  the  weld  bead  dimensions,  and  the  two  dimensional  (2D)  geometrical  features.  This 
correlation  may  be  used  for  on-line  welding  process  control.  It  is  found  that  the  geometry  of  the 
molten  pool  is  directly  related  to  the  heat  transfer  conditions  determined  by  surrounding  mass  of 
material.  A  machine  vision  system  based  on  a  high-resolution  CCD  camera  coaxially  integrated 
with  a  gas  tungsten  arc  welding  (GTAW)  torch  is  used  to  acquire  the  images  of  the  molten  pool. 
The  results  demonstrate  the  capability  to  adjust  GTAW  process  parameters  according  to  complex 
external  and  internal  geometrical  features  of  the  substrate.  The  heat  loss  affected  by  the 
surrounding  mass  of  material  will  be  used  to  determine  the  optimal  energy  input. 

Introduction 

In  the  last  decade,  it  has  been  shown  that  solid  freeform  fabrication  (SFF)  through  layered 
material  deposition  is  an  attractive  method  for  3D-object  generation.  Common  to  all  layered 
forming  techniques  is  the  incremental  nature  of  the  material  build  up.  The  quality  of  each 
deposited  layer  as  well  as  the  quality  of  the  bond  between  the  layers  determines  the  quality  of  a 
built  part  [1].  The  goal  of  any  SFF  technique  is  the  fast  construction  of  precise  parts  directly 
from  CAD  drawings,  or  as  it  is  often  called  “from  computer  to  component”  process.  While  most 
of  the  SFF  systems  still  make  parts  from  non-metallic  materials,  not  specified  by  the  designer  of 
the  parts,  SFF  based  on  deposition  by  welding  overcomes  this  disadvantage.  Several  research- 
teams  [1-8]  have  shown  that  this  technique  is  capable  of  making  diverse  part  shapes.  Spencer 
et  al.  made  a  vertical  wall  and  a  hollow  box.  Ribeiro  et  al.  made  a  ‘chimney’  shape,  a  ‘bow  tie’ 
shape,  and  a  ‘pint  glass’  shape.  Kovacevic  et  al.  also  made  a  thin  vertical  wall,  cylinders,  cubical 
3D  parts  with  straight  channels,  a  3D  part  with  complex  geometry  and  a  3D  network  of  the 
conformal  channels. 

Relatively  small  changes  to  the  welding  parameters  dramatically  influence  welding  quality 
during  the  building  of  3D  parts  by  welding.  So,  an  intelligent  control  system  that  controls  the 
process  parameters  has  to  be  developed.  There  are  a  number  of  parameters  in  GTAW  which 
have  a  significant  impact  on  the  weld  (i.e.  bead)  quality,  such  as:  filler  metal  feeding  speed, 
welding  current,  arc  voltage,  welding  speed,  shielding  gas  flow  rate,  electrode  to  substrate  angle, 
type  of  shielding  gas,  shape  of  the  tungsten  electrode  etc.  Also,  it  should  be  noted  that  some  of 
these  parameters  are  non-linear  and  have  transient-dependent  and  temperature-dependent 
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natures.  In  recent  years  statistical  design  for  experiments,  linear  regression  modeling,  neural 
network,  etc.  have  been  used  to  model  the  effects  of  the  welding  process  parameters  on  the  weld 
bead  geometry,  and  it  has  been  shown  that  a  strong  correlation  between  them  exists  [9-11]. 

The  goals  in  welding  based  SFF  are  significantly  different  than  those  in  metal  joining.  During 
normal  welding,  large  depths  of  penetration  and/or  fast  material  deposition  are  desirable  [12]. 
Some  of  the  usual  goals  in  the  SFF  based  on  deposition  by  welding  are  to  keep  the  heat  input  as 
low  as  possible,  to  control  the  heat  input  in  the  real  time,  to  have  a  small  depth  of  penetration,  to 
maintain  uniform  bead  build-up,  etc.  Additionally,  when  the  weld  bead  is  deposited  in  the 
vicinity  of  sharp  comers,  heat  input  should  be  significantly  lower,  since  the  heat  sink,  determined 
by  the  surrounding  mass  of  the  material,  is  small  [13].  If  the  heat  input  do  not  follow  the 
conditions  driven  by  the  part  geometry,  unnecessary  melting  of  already-deposited  material  will 
occur.  In  welding  handbooks,  one  can  find  how  welding  parameters  are  related  to  the  weld  bead 
geometry,  but  all  those  data  are  intended  for  normal  welding  and  can  not  be  successfully  applied 
to  the  SFF  based  on  deposition  by  welding. 

In  this  paper,  extensive  experiments  with  different  welding  parameters  and  complex  geometrical 
features,  such  as  edges  and  comers,  have  been  designed  and  completed.  From  the  experimental 
results,  it  can  be  observed  that  the  heat-affected  zone  depends  on  the  geometry  of  the  substrate. 
In  order  to  show  the  influence  of  the  geometry  on  the  heat  transfer  conditions  in  the  vicinity  of 
the  molten  pool,  a  new  parameter  called  the  geometrical  factor  is  introduced.  A  machine  vision 
system,  based  on  a  high-resolution  CCD  camera  coaxially  integrated  into  a  GTAW  torch,  is 
capable  of  acquiring  images  of  the  molten  pool  in  real  time.  A  newly-developed  controller  uses 
the  geometrical  factor  to  determine  the  status  of  the  mass  of  material  around  the  molten  pool. 

Background 

The  SFF  based  on  deposition  by  welding  (SFF  -  DBW)  under  development  at  Southern 
Methodist  University  is  a  hybrid  technique  -  a  combination  of  welding  and  cutting.  The  whole 
process  of  making  the  3D  part  can  be  considered  as  relatively  slow.  However,  if  the  welding 
parameters  could  be  optimized,  than  the  surface  of  each  deposited  layer  would  be  smooth  enough 
and  many,  if  not  all,  of  the  layers  could  be  deposited  without  introducing  the  milling  operation, 
and  the  major  disadvantage  of  this  process  could  be  eliminated. 

To  produce  a  flat  surfaces  using  a  dynamic  process,  such  as  GTAW,  welding  parameter  control 
must  be  introduced.  Two  kind  of  controls  can  be  implemented  here:  open-loop  and  closed-loop 
control.  When  closed-loop  control  is  used,  it  is  necessary  to  have  an  experimental  database  for 
comparing  the  feedback  value  with  the  optimal  one. 
should  then  react  accordingly.  When  open-loop 
control  is  used,  one  should  know  in  advance  what 
are  the  most  appropriate  process  parameters  at  each 
point  (again  according  to  a  suitable  database). 

All  of  experimental  data  that  could  be  found  in  the 
welding  handbook  [12]  and  in  published  papers  are 
obtained  by  performing  the  experiments  over  a 
semi-infinite  solid.  In  the  semi-infinite  solid  (Fig. 


According  to  their  difference,  a  controller 


Fig  1.  Schematic  presentation  of  semi-infinite 
solid 
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1),  the  heat  is  propagating  isotropically,  since  heat  transfer  conditions  are  constant  during  the 
welding.  However,  the  building  of  3D  parts  by  welding  is  characterized  by  non-uniform  heat 
transfer  conditions  (welding  along  edges,  comers,  thin  substrates,  etc.).  It  is  evident  that  these 
conditions  will  require  a  new  effort  to  form  a  database  of  optimal  welding  parameters  as  a 
function  of  the  geometry  of  the  substrate. 

Experimental  Set-up 

The  experimental  set-up  of  the  gas  tungsten  arc  welding  process  with  the  addition  of  filler  metal 
is  shown  in  Fig.  2.  A  non-consumable  tungsten  electrode,  shielded  by  the  inert  gas  (pure  argon 
in  this  case)  is  used  to  strike  an  electric  arc  with  a  substrate.  Heat  generated  by  the  electric  arc  is 
used  to  melt  the  substrate  (or  workpiece)  and  the  filler  metal.  Filler  metal  is  fed  directly  into  the 
molten  pool.  Step  motor  (1)  is  used  to  ensure  that  the  wire  is  always  fed  in  front  of  the  moving 
arc.  Step  motor  (2)  is  used  to  control  the  filler  metal  feeding  speed.  A  PC-based  data  acquisition 
system  synchronizes  the  control  of  the  step  motors  with  a  CNC  machine  controller,  which 
provides  precise  motion  of  the  workpiece  in  the  X-Y  plane.  A  machine  vision  system  based  on  a 
high-resolution  CCD  camera  is  coaxially  integrated  with  a  GTAW  torch  (Fig.  3)  which  is 
capable  of  acquiring  the  images  of  the  molten  pool  in  real-time. 


Fig.  2  Experimental  set-up  for  GTA  W 


Fig.  3  Coaxially  integrated  camera  with  torch 


Experimental  Procedure 

In  order  to  simulate  different  heat  transfer  conditions  during  the  deposition  by  welding,  a 
workpiece  as  a  substrate  is  designed  with  different  2D  geometrical  features,  as  shown  in  Fig.  4. 
The  weld  beads  placed  along  the  boundary  of  substrate.  Fig.  4b,  simulate  different  heat  sinks, 
from  100%  for  the  bead  placed  at  the  flat  top  surface  (360°)  down  to  12.5%  for  the  bead  placed 
at  the  45°  comer.  It  is  evident  that  the  welding  parameters  have  to  be  controlled  in  order  to 
achieve  uniform  weld  bead  geometry  under  different  heat  sink  conditions. 

The  heat  somce  has  finite  dimensions  that  cannot  be  neglected,  so  the  distance  between  the  edge 
and  the  electrode  should  be  approximately  half  of  the  heat  source  width,  which  changes  with  the 
heat  input  [15].  In  order  to  provide  uniform  heat  transfer  conditions  during  the  experiment,  the 
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a)  Schematic  presentation 

Fig.  4  The  shape  of  workpiece 


b)  after  experiment 


workpiece  is  first  preheated.  Experience  and  experimental  results  [14]  showed  that  the  welding 
current  and  the  wire  feeding  speed  have  the  largest  influence  on  the  quality  of  the  bead.  Nine 
experiments  are  performed  in  order  to  analyze  the  affect  of  the  welding  current,  the  wire  feeding 
speed,  and  the  geometry  of  the  substrate  on  the  weld  bead  geometry.  Mild  steel  welding  wire 
with  a  diameter  of  0.9  mm  is  used.  The  welding  current  is  changed  from  80  A  to  160  A,  with 
increments  of  40  A.  The  wire  feeding  speed  is  changed  from  40  cm/min  to  120  cm/min,  with 
increments  of  40  cm/min. 


Experimental  Results 

Table  1  presents  some  of  the  experimentally  obtained  results.  After  weld  beads  are  applied 
under  different  welding  conditions,  workpieces  are  cross-cut  along  the  lines  A-A,  B-B,  C-C,  D- 
D,  E-E  and  F-F  (see  Fig.  4a)  in  order  to  obtain  information  about  the  weld  bead  geometry.  After 
polishing  and  etching  the  cross-sections,  bead  widths  are  measured  and  their  relationships  with 
respect  to  the  welding  parameters  and  geometrical  factor  are  presented  in  Figs.  6a,  6b  and  6c. 


Table  1.  The  bead  cross-sections 
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Experimental  data  are  approximated  with  the  linear  functions.  Each  line  corresponds  to  the  bead 
location,  such  as:  45°,  90°,  135°,  180°,  270°  and  360°  from  top-to-bottom,  respectively. 
Increasing  the  welding  current,  while  wire-feeding  speed  is  kept  constant  enlarges  the  bead 
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width.  Also,  it  can  be  noticed  that  the  reduction  in  the  angle  also  contributes  to  the  increase  in 
the  bead  width. 


a) 


b) 


1=  120  A 


d) 

Fig.  5a,  b,  c  and  d  -  Influence  of  the  geometry  on  the  bead  width,  a,  b,  and  c  shows  the  bead  width  V5. 
current  for  three  different  wire  feed  speeds  and  for  six  different  bead  locations,  d  shows  the  change  of 
the  bead  width  when  the  wire  feeding  sped  and  heat  sink  are  changed 


In  order  to  better  demonstrate  the  influence  of  the  geometry  of  substrate  on  the  bead  width,  all 
the  experimental  data  obtained  for  an  unique  welding  current  of  120  A  is  presented  in  a  three- 
dimensional  manner  (Fig.  6d).  How  significant  this  influence  is  can  be  seen  if  a  single  curve  of 
bead  width  vs.  angle  is  observed  while  wire  feeding  is  kept  constant.  The  reduction  in  the  angle 
of  the  comer  means  that  less  surrounding  material  in  the  vicinity  of  the  molten  pool  exists.  By 
changing  the  angle  from  360°  to  45°  the  bead  width  is  increased  more  than  twice.  So,  an  accurate 
model  of  GTAW  has  to  take  this  influence  into  accoimt.  An  outcome  of  this  analysis  is  the  off¬ 
line  heat  input  planning  model. 


Off-line  Planning  and  On-line  Control  of  Heat  Input 

Experimental  results  proved  that  local  substrate  geometry,  i.e.  vicinity  of  the  molten  pool,  has  the 
greatest  impact  on  the  bead  dimensions.  Since  the  geometry  of  the  part  to  be  built  is  known  in 
advance,  the  amount  of  the  material  around  an  arbitrary  point  could  be  calculated.  If  that 
calculated  value  is  provided  to  the  controller,  the  heat  input  can  be  appropriately  adjusted. 
Basically,  this  is  the  idea  behind  the  developed  off-line  planning  model. 


In  order  to  define  the  focal  geometry’,  the  3D-part  geometry  and  the  net  heat  energy  delivered  to 
the  workpiece  are  analyzed.  Net  heat  energy  is  divided  into  three  portions.  A  portion  of  the 
energy  is  used  to  melt  the  workpiece,  the  second  portion  is  used  for  melting  the  feeding  wire,  and 
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the  third  portion  is  lost  to  the  adjacent  base  metal  outside  of  the  melting  zone,  primarily  by 
thermal  conduction.  The  energy  lost  to  the  base  metal  outside  the  fusion  zone  contributes  to  the 
formation  of  the  heat-affected  zone  and  to  the  heating  of  the  rest  of  the  base  metal.  It  can  be 
observed  from  the  experimental  results  that  the  heat-affected  zone  also  depends  on  the  geometry 
of  the  substrate.  Logically,  when  the  heat  input  is  kept  constant,  the  greater  the  amount  of  the 
surrounding  material,  the  smaller  will  be  the  heat-affected  zone.  The  goal  here  is  to  deposit 
material  with  a  constant  bead  height  and  with  a  uniform  heat  affected  zone.  This  could  be 
achieved  by  adjusting  the  welding  parameters  (mostly  current)  in  real-time. 

Heat  input  is  the  relative  measure  of  the  energy  transferred  per  unit  length  of  weld  [14]. 
Typically  it  is  calculated  as  the  ratio  of  the  power  to  the  velocity  of  the  moving  heat  source  as 
follows: 


H  =  -^  (1) 

1000-5 

where,  H  =  heat  input  [kJ/mm],  E  =  arc  voltage  [V],  I  =  current  [A]  and  S  =  travel  speed 
[mm/sec].  During  the  experiment,  the  arc  voltage  and  the  welding  speed  are  kept  constant,  so 
the  heat  input,  and  therefore  heat  affected  zone,  depend  only  on  the  current.  To  establish  the 
relationship  between  the  heat  input  and  the  part  geometry,  the  ‘geometrical  factor"  is 
introduced. 

In  order  to  define  the  geometrical  factor,  ^q,  the  3D  part  should  be  represented  by  the  3D  matrix 
which  is  generated  according  to  the  coordinates  of  the  exterior  points  of  the  3D  solid-model. 
The  3D  matrix  consists  of  ones  and  zeros;  the  ones  represent  solid  voxels  and  zeros  represent 
empty  voxels  in  the  scope  of  the  3D  solid  part.  The  matrix  is  defined  with  the  ‘matrix 
resolution’,  which  is  the  number  of  points  per  unit  length.  It  is  determined  that  100  points  per 
one  inch  (25.4mm)  provides  satisfactory  results.  Since  all  of  these  calculations  are  performed 
off-line,  much  higher  resolutions  can  be  used. 

Next,  the  shape  and  the  size  of  the  heat  affected  zone  have  to  be  determined.  It  is  found 
theoretically  [15]  and  experimentally  (Table  1)  that  the  shape  of  the  heat  affected  zone  can  be 
approximated  as  a  half-sphere,  whose  radius  was  found  experimentally  to  be  approximately  3 
mm. 


The  geometrical  factor  can  be  defined  as: 


(2) 


where,  Vmax  represents  maximum  possible  number  of  ‘ones’  in  the  half-sphere  and  V  is  the 
counted  number  of  ‘ones’  within  the  same  volume.  The  center  of  the  half-sphere  is  the  point  for 
which  the  welding  current  should  be  determined.  So,  the  geometrical  factor  multiplied  by  100 
gives  the  percentage  of  the  surrounding  mass  of  the  material  in  the  vicinity  of  the  molten  pool. 
The  accuracy  of  the  calculated  geometrical  factor  depends  on  the  chosen  ‘matrix  resolution’. 
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Once  the  geometrical  factor  is  determined,  the  welding  current  can  be  selected  from  the 
experimental  data-base.  The  results  presented  at  Fig.  5  are  particularly  useful  for  this 
application.  The  relationship  between  the  bead  width  and  the  welding  current  is  approximated 
with  the  linear  function.  Each  linear  function  is  defined  with  its  coefficients  k  and  n  (y  =  kx  +  n) 
and  their  values  are  given  in  Figs.  5a,  b  and  c. 

Combinations  of  Two  Controllers 


A  number  of  published  results  [15-19]  showed  that  monitoring  the  size  of  the  molten  pool  is  a 
valuable  source  of  information  in  welding.  The  reason  why  it  can  not  be  used  as  the  sole 
feedback  variable  in  SFF  by  welding  could  be  demonstrated  in  the  example  shown  in  Fig.  6. 
From  Fig.  6  it  can  be  seen  that  welding  over  the 
channels  demands  three  different  welding-currents 
values  in  time.  In  the  zone  I,  the  maximal  current  value, 

Imax,  should  be  applied  in  order  to  provide  enough 
energy  to  melt  the  feeding  wire  and  substrate.  In  the 
zone  II,  the  heat  input  is  coming  close  to  the  channel’s 
edge.  The  reduction  in  the  surroimding  mass  of  the 
material  necesritates  a  reduction  in  the  energy  needed 
for  melting  the  substrate.  In  the  zone  III,  the  heat  input 
is  located  above  the  channel,  where  the  thin  sheet  metal 

is  placed,  and  only  energy  for  melting  feeding  wire  is  „  ^  ^  ,  ,  , 

jj  UiU*T  4.U  jTtuuu  Fis.  6  Current  vs.  time  IS  related  to  the 

needed  such  that  Imin  must  be  used.  It  should  be  noticed  * 

that  decreasing  the  current  from  I  to  Imin  has  to  be  done  r  * 

instantaneously  in  order  to  avoid  burning-through  the  thin  sheet  metal.  The  monitoring  of  the 

shape  of  the  molten  pool  in  the  condition  where  the  mass  of  surroimding  material  around  the 

molten  pool  is  changed  abruptly  will  not  be  useful  for  the  feedback  control.  However,  it  is 

shown  that  monitoring  the  molten  pool  under  conditions  of  more  uniform  change  of  the 

surrounding  mass  of  material  around  the  molten  pool  could  be  successfully  used  as  a  feedback  in 

the  control  of  the  uniformity  of  the  bead  height.  The  welding  process  is  highly  dynamic  and 

depends  on  the  many  transient  and  temperature  dependent  parameters  that  are  difficult  to  predict. 

These  parameters  are  considerably  less  influential  than  the  part  geometry,  but  they  still  affect  the 

quality  of  the  bead.  So,  the  need  for  an  additional  ‘independent’  controller  that  will  provide 

more  uniform  quality  of  deposition  by  welding  is  necessary.  Fig.  7  shows  the  images  of  the 

molten  pool  obtained  for  the  constant  welding  current  and  constant  wire  feeding  speed,  but  still, 

the  size  as  well  as  the  shape  of  the  molten  pool  fluctuates  significantly. 


Fig.  7  Images  of  the  fluctuating  molten  pool  obtained for  the  same  welding  parameters 
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Architecture  of  the  developed  controller  to  control  welding  current  for  SFF  -  DBW  is  showed  in 
Fig.  8.  Before  the  controller  updates  the  welding  current,  data  about  the  heat  transfer  conditions 
in  the  vicinity  of  the  molten  pool  has  to  be  provided,  and  this  information  is  inherent  in  the  value 
of  the  geometrical  factor.  Each  time  the  calculated  geometrical  factor  is  referenced  (Fig.  8). 
From  the  definition  of  the 
geometrical  factor  it  follows  that, 
if  the  geometrical  factor  is  less 
than  one,  the  selection  of  the 
corresponding  welding  current 
has  to  be  made  off-line.  If  it  is 
one,  monitoring  of  the  size  of  the 
molten  pool  by  machine  vision  is 
used  to  control  the  uniformity  of 
the  bead  height.  Overall 
performance  of  the  designed 
control  strategy  is  shown  in  Fig. 

9,  where  welding  current  vs. 
time,  and  voltage  vs.  time 
diagrams  are  presented. 


Fig.  8  Information  flow  in 
the  designed  controller 


Fig.  9  Current  and  voltage  vs.  time 


The  verification  of  the  designed  controller  is  performed  on  the  samples  shown  in  Fig.  10.  Three 
grooves  with  different  widths  (6.5  mm,  3.8  mm,  and  1.7  mm)  are  milled  in  the  block  of  mild 
steel  with  sizes  of  63.8  mm  x  50.6  mm  x  12.7  mm.  The  depth  of  the  grooves  is  7.8  mm.  The 
grooves  are  filled  up  with  casting  sand  and  covered  with  1mm  thick  steel  sheet  metal.  The  goal 
is  to  make  a  build  up  of  material  over  the  top  surface  of  this  sample  by  depositing  material  in  the 
form  of  layers  by  SFF  -  DBW.  In  the  case  of  welding  without  a  controller  or  any  pre-seleeted 
welding  parameters  will  generate  excessive  heat  and  the  thin  sheet  metal  covers  will  bum 
through,  as  it  is  shown  in  the  Fig.  10b.  Fig.  10c  shows  the  results  of  the  build  up  in  the  case  when 
the  selection  of  the  welding  current  is  done  in  advance  based  on  the  geometry,  along  the  torch 
path.  The  bum-through  is  avoided  but  the  uniformity  of  the  build-up  layer  is  not  achieved.  Fig. 
lOd  shows  the  results  of  the  control  strategy  shown  in  Fig.  8.  In  the  case  when  the  geometrical 
factor  along  the  torch  path  is  less  than  one,  the  welding  current  is  selected  in  advance.  However, 


a)  b)  c)  d) 

Fig.  10  Weld  deposition  over  the  channels 

if  this  factor  is  equal  to  one,  then  the  welding  current  will  be  selected  on-line  based  on  the  area  of 
the  molten  pool  obtained  in  real-time  by  incorporated  machine  vision.  The  outcome  of  this 
control  strategy  is  a  very  uniform  height  of  built  layer  over  the  channels.  The  same  strategy  will 
be  applied  to  the  building  of  a  layer  with  specified  external  and  internal  boundaries  of  material 
which  are  deposited  by  welding.  The  results  of  building  a  part  consisting  of  very  sharp  comers 
are  shown  in  Fig.  11. 
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Building  a  Test  Part 


The  controller  is  challenged  with 
depositing  filler  metal  over  a 
complex  geometry  (Fig.  1 1).  A  3D 
part  with  sharp  comers  is  success¬ 
fully  built.  Building  this  part  can  be 
divided  into  several  stages:  a) 
making  3D  solid  model,  Fig.  11a,  b) 
slicing  it.  Fig.  11b,  c)  automatically 
generating  G-code  for  the  planned 
torch  path  Fig.  lie,  d)  depositing 
material  along  the  external  boundary 
of  the  layer  where  the  welding 
current  is  selected  in  advance  based 
on  the  value  of  the  geometrical 


Fig.  11.  Building  a  Test  Part 


factor  along  the  torch  path,  Fig.  lid,  e)  depositing  material  inside  of  the  border  contour,  therby 
activating  the  machine  vision  system  that  will  feed  the  data  into  the  controller  for  selecting  the 
welding  current  in  real  time.  Fig.  1  le,  f)  final  shape  of  the  part  after  end  and  face  milling  is  done. 
Fig.  lOf. 


Conclusion 

Extensive  experiments  with  different  welding  parameters  and  complex  geometrical  features  such 
as  edges,  comers,  and  channels  have  been  designed  and  completed,  and  an  experimental  data¬ 
base  has  been  created.  A  new  parameter,  named  the  geometrical  factor,  is  introduced,  that 
reflects  on  the  local  geometry  of  the  substrate.  A  machine  vision  system  based  on  a  high- 
resolution  CCD  camera  which  is  integrated  into  the  GTAW  torch  is  used  for  monitoring  the  size 
of  the  molten  pool.  The  heat  input  controller  is  developed  and  tested.  The  controller  is 
characterized  by  two  branches.  The  off-line  control  branch  is  activated  when  the  torch  is 
following  the  external  and  the  internal  boundaries  of  the  layer.  In  that  case,  the  welding  current 
is  specified  in  advance  based  on  the  known  shape  layer  boundary.  The  other  branch  of  the 
controller,  the  on-line  branch,  is  activated  during  the  filling  of  the  surface  surrounded  by  the 
external  and  the  internal  boundaries.  In  this  case,  the  shape  of  molten  pool  captured  by  the 
machine  vision  system  is  used  as  feedback  for  selecting  the  corresponding  welding  current. 
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Abstract 

Replacing  paper  widi  metal  in  laminated  object  manufacturing  would  bring  improvements  in  terms  of 
part's  longevity,  and  its  mechanical  and  thermal  properties.  In  fabricating  laminated  parts,  a  challenging 
step  is  blind  cutting  of  the  metal  sheet.  Challenges  to  overcome  are  (1)  maintaining  consistent  depth  of  cut, 
(2)  achieving  good  surface  quality  of  the  cut  groove  walls,  and  (3)  minimizing  the  formation  of  recast. 
Results  are  presented  of  an  experimental  investigation  into  controlled- depth  laser  cutting  of  aluminum 
sheet.  Thin  (0.12-mm)  aluminum  sheet  specimens  were  cut  with  a  10-W  Nd:YLF  laser  while  varying 
scan  speed  and  laser  power.  To  accurately  observe  the  cut  profiles,  specimens  were  mounted  in  resin 
and  sectioned.  Special  handling  procedure  was  developed  to  handle  thin  sheet  material  while  avoiding 
damage.  Relationship  between  cut  profile  and  process  parameters  was  established  and  shown  to 
conform  to  established  theoretical  models. 


Introduction 

Using  laminations  (i.e.,  material  in  sheet  form)  for  layered  manufacturing  (LM)  avoids  phase 
transformations  with  attendant  shrinkage  (e.g.,  in  powder  sintering)  and  allows  easy  process  scale-up. 
Number  of  researchers  have  explored  this  approach  to  fabrication  of  fimctional  parts.  Adams  et  al.  [1] 
produced  working  tools  fi-om  steel  laminations  1-3  mm  thick,  but  had  resort  to  a  finishing  milling  step  to 
achieve  acceptable  surface  quality.  Himmer  et  al.  [2]  proposed  to  fabricate  injeetion  moulds  by  (1)  joining 
flux-coated  2.5-mm-gauge  aluminum  through  heat  treatment  near  the  flux  melting  temperature  and  (2) 
finish  milling.  Walczyk  and  Dolar  [3]  present  results  of  tests  on  several  epoxy  and  alumina-based 
adhesives  used  to  bond  aluminum  laminations.  All  of  these  papers  adopt  tiie  “cut- stack-bond”  approach 
(Fig.  la),  meaning  the  process  sequence  is  (1)  cut  out  the  desired  part’s  profile  at  each  layer’s  height;  (2) 
assemble  (staek)  the  profiles,  and  (3)  bond  them  (mechanically  with  fasteners,  adhesively,  or  by  welding). 
The  main  disadvantage  of  the  “eut-stack-bond”  approach  is  the  complexity  of  handling  the  eut-out 
profiles  between  the  cutting  and  stacking  steps,  requiring  indexing,  transporting,  and  alignment.  This 
complexity  makes  automation  of  the  process  highly  impractical. 

An  alternative  approach  exists  whieh  is  more  amenable  to  automation.  It  is  characterized  by  a  “stack- 
bond-cut”  sequence  (Fig.  lb).  This  method  has  been  applied  in  a  commercial  LM  process.  Laminated 
Object  Manufacturing  (LOM),  but  the  sheet  materials  have  been  limited  to  paper  or  polymers  [4]. 
Replaeing  soft  materials  with  metals  is  a  challenge,  however,  due  to  difficulties  with  “blind”  cutting  of 
metals  (i.e.,  cutting  only  to  the  depth  of  the  sheet’s  gauge). 
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This  paper  presents  results  of  experimental  investigation  into  controlled- depth  blind  laser  cutting  of 
aluminum  sheet.  Before  presenting  these  results,  background  information  on  laser- machining  of  metals  is 
provided. 


Figure  1 .  Two  alternative  sequences  for  producing  laminated  objects:  (a)  cut-stack-bond  and  (b)  stack- 

bond- cut. 

Laser  Machining  of  Metals 

Laser  machining  of  metals  is  accomplished  by  achieving  a  sufficiently  high  power  density  (W/cnf )  at 
the  focal  point  to  melt  or  evaporate  the  material.  The  molten  material  is  likely  to  resolidity,  and  thus,  if 
most  material  in  the  groove  is  molten,  it  can  produce  poor-quality  cut,  making  vaporization  the  preferred 
mode. 

Through  cutting  vs.  blind  cutting:  In  through  cutting,  the  molten  and  vaporized  material  can  escape 
through  the  cut  slot;  cn  the  other  hand,  in  blind  cutting,  this  material  has  to  be  evacuated  through  the 
groove’s  top  opening.  Pressurized  gas  is  often  used  to  assist  cutting.  With  through  cutting,  the  gas  helps 
the  debris  to  escape  through  the  cut  slot.  The  role  of  gas  assist  in  blind  cutting  is  not  as  significant  (and 
potentially  detrimental,  pushing  the  material  back  into  the  groove).  When  cutting  metal  laminations,  the 
situation  more  closely  resembles  blind  cutting,  since  there  is  no  escape  route  for  the  molten  material  and 
gases  through  the  bottom  of  the  cut.  However,  there  is  a  difference  as  well  since  the  groove  is  being  cut 
not  in  a  bulk  material  but  through  a  thin  sheet  with  a  layer  of  adhesive  below 

Laser  and  optical  system  considerations:  To  achieve  the  high  power  (fensity  required  for  cutting 
aluminum  (10^  -  10^  W/cm^)  [5],  we  need  to  deliver  the  laser  energy  over  a  short  time  interval  (on  the 
order  of  tenth  of  nanoseconds)  and  into  a  very  small  area  (diameter  of  5-20  |im).  Most  suitable  laser 
beam  mode  for  metal  machining  is  the  fundamental  (or  Gaussian)  mode  TEMoo  because  it  can  be  focused 
to  a  smallest  spot  and  has  the  greatest  depth  of  focus  compared  to  other  modes.  The  focal  spot  diameter 
is  theoretically  given  by: 


d  = 


4A/ 

n  D 


(1) 


where  X  is  laser  light  wavelength,  /  is  the  focal  length  of  the  focusing  lens,  and  D  is  the  diameter  of  the 
incident  beam.  Depth  of  focus  is  another  important  factor  to  be  aware  of  It  is  defined  as  the  distance 
within  which  the  power  density  is  greater  than  90%  of  its  peak  value  at  the  focal  point.  It  can  be 
calculated  by: 


n 


(2) 
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If  Z  were  too  small,  even  slight  surface  irregularities  and  misalignment  of  specimen  surface  and  X- Y 
translation  plane  may  cause  significant  variations  in  power  density.  On  the  other  hand,  if  Z  were  to  be 
made  larger  by  increasing  /  or  decreasing  D,  it  would  also  increase  the  focal  spot  diameter  (Eq.  1),  and 
therefore  decrease  power  density.  Thus,  given  the  initial  beam  diameter  and  laser  wavelength,  the 
appropriate  choice  of  beam  expansion  ratio  (affecting  D)  and  focal  length  involves  a  trade-off  between 
minimizing  the  focal  spot  diameter  {d)  and  maximizing  the  depth  of  focus  (Z). 


Laser  grooving  theoretical  models:  While  much  research  has  been  conducted  in  the  area  of  through 
cutting  of  metals  [6,  7],  the  more  relevant  subject  for  our  work  is  that  of  blind  cutting  (or  laser  grooving. 
For  example.  Modest  |8]  developed  a  3-D  conduction  model  to  predict  the  transient  effects  in  laser 
machining  of  ablating/decomposing  materials.  The  model  predicts  not  only  the  depths  but  also  the  shape 
of  a  developing  groove  formed  by  ablation  of  material  (e.g.,  aluminum).  Chryssolouris  [9]  developed  a 
simpler  closed- form  generalized  model  to  address  cutting,  drilling,  and  grooving  processes.  The  model  is 
derived  by  considering  the  heat-transfer  balance  at  the  constant  erosion  fi'ont  produced  by  the  moving 
laser  beam.  It  predicts  the  groove  depth  as: 


_ 2aP _ 

n->^pra(c,(2;-7;)+i) 


where  a  is  the  material  absorptivity  (0<a<l),  P  is  the  incident  laser  power,  p  is  the  material  density,  V  is 
the  beam  scanning  speed,  d  is  the  focal  spot  diameter,  Cp  is  the  specific  and  L  is  the  latent  heat,  and  Ts 
and  To  are  the  vaporization  and  room  temperatures,  respectively.  The  relationship  implies  that  the  groove 
depth  Ld  is  directly  proportional  to  the  laser  power  and  inversely  proportional  to  the  scanning  speed.  The 
model  assumes  that  tiie  material  is  isotropic  and  its  properties  are  constant;  the  material  changes  phase 
firom  solid  to  vapour  in  one  step  at  a  single  evaporation  temperature;  the  evaporated/ejected  material 
does  not  interfere  with  the  beam  reaching  tiie  erosion  fi-ont;  multiple  reflections  of  the  beam  within  the 
groove  are  neglected;  and  material  is  removed  by  vaporization  (sublimation  cutting). 


Laser  cutting  experiments 

Objectives:  Experiments  were  conducted  with  the  overall  objective  of  finding  suitable  processing 
parameters  for  controlled- depth  cutting  of  the  aluminum  sheet  material  in  laminated  object  manufacturing. 
The  primary  controllable  process  parameters  are  laser  power  and  scan  speed.  The  primary  measured 
characteristic  is  the  groove  depth.  The  primary  interest  in  groove  depth  is  due  to  tiie  need  to  cut  the  sheet 
laminations  precisely  to  the  depth  of  one  sheet  without  significant  damage  to  the  underlying  stack.  A 
second  objective  was  to  determine  the  effect  of  changing  the  material  being  cut  from  a  (relatively)  thick 
aluminum  plate  (3.2  mm)  to  a  stack  of  thin  laminated  sheets  (sheet  thickness  0.12  mm).  Laser  grooving  is 
normally  performed  on  relatively  thick  material  and  theoretical  predictions  would  normally  also  be  made 
for  such  materials.  On  the  other  hand,  the  material  to  be  cut  in  our  case  consists  of  a  sandwich  of 
polymeric  adhesive  and  aluminum  sheet.  Aluminum  is  an  excellent  heat  conductor  (thermal  conductivity 
210  W/m  C)  while  a  typical  adhesive  acts  as  an  insulator,  with  very  low  conductivity  (0.2-0.5  W/m  C). 
Thus,  the  solid  plate  represents  a  “reference”  case  while  the  laminated  sheet  specimens  approximates  the 
special  material  combination  to  be  encountered  in  the  laminated  fabrication  process. 
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Specimen  Preparation:  Two  types  of  specimens  were  used;  solid  plates  or  laminated  sheets.  The  plates 
were  prepared  by  cutting  2’\l/8”  (50.8  mmx3.2  mm)  aluminum  alloy  bar  stock  (ASTM  B221  6061 
T651 1)  into  95  mm  lengths.  These  plates  were  used  either  directly  or  as  supports  for  three  laminated 
sheets  bonded  to  them.  The  latter  were  cut  from  a  rolled  aluminum  sheet  stock  (6061, 0.05”  or  0.12  mm 
gauge)  into  90  mm  by  20  mm  strips.  To  bond  the  sheet  strips  to  the  support  plates,  (1)  the  plates  were 
sanded,  (2)  plate  and  sheet  surfaces  were  cleaned  by  chemical  etching,  (3)  adhesive  was  applied  to  the 
sheets,  and  (4)  using  the  heat  sealer,  the  strips  were  bonded  one  on  top  of  another  starting  with  the 
support  plate.  To  bond  the  sheets,  a  film  adhesive  was  used  (Scotch  467MP  from  3M  consisting  of 
200MP  high-performance  acrylic  adhesive  (50  microns)  with  polycoated  Kraft  paper  liner). 

Laser  Machining  Equipment:  The  experimental  setup  consisted  of  a  laser  light  source,  a  beam  delivery 
system,  and  a  motion  system'.  The  platform  carrying  the  specimen  moved  in  X-Y  plane  (with  accuracy 
of  ±1  pm)  while  the  optical  system  remained  stationary.  The  light  source  was  a  GSl  Lumonics  Sigma- 
400  diode-pumped  Nd:YLF  laser  operating  at  a  wavelength  of  1054  nm  (near  infiared),  capable  of  up  to 
12W  average  power  and  (Q-switched)  pulse  frequency  up  to  20  kHz. 

The  optical  path  from  the  laser  to  the  specimen  surface  consisted  of  five-time  beam 
expander/collimator,  three  mirrors,  and  a  55-mm  apochromat  triplet  lens.  Given  the  light  wavelength, 
initial  beam  diameter  (1.3  mm),  beam  expansion  ratio,  and  the  focal  length,  the  theoretical  focal  spot 
diameter  is  estimated  by  Eq.  (1)  to  be  1 1.3  pm.  The  depth  of  focus  is  estimated  using  Eq.  (2)  to  be  only 
1 12  pm,  which  implies  that  care  must  be  taken  to  make  sure  the  specimen  surface  is  parallel  with  the 
plane  of  X-Y  motion  and  that  the  beam  is  properly  focused.  Assiuning  actual  focal  spot  diameter  to  be 
approximately  15  pm  (larger  diameter  is  expected  due  to  optical  aberrations  of  the  noiv  ideal  focusing 
lens),  the  power  density  at  the  specimen’s  surface  during  a  single  pulse  can  be  estimated  to  range  from 
2.3  to  6.8x10^  W/cm^  for  laser  power  outputs  of  4W  to  12W  and  pulse  frequency  of  10  kHz  used  in  the 
experiments.  Therefore,  our  experimental  setup  was  capable  of  producing  sufficient  power  density  to 
vaporize  the  aluminum. 

Test  Procedure:  For  each  specimen,  four  groups  of  seven  parallel  3.7- cm  lines  were  scanned,  with  two 
groups  scanned  for  each  power  setting  (Figure  2).  The  scan  directions  in  the  two  groups  were  reversed 
with  the  intention  to  ascertain  absence  of  any  directional  effects.  (Due  to  experimental  error,  for  Set  1, 
both  sets  of  lines  for  4  and  7W  were  drawn  in  the  same  direction.  Since  no  significant  difference  between 
directions  was  observed  for  the  two  higher  powers  of  Set  1,  this  error  is  not  expected  to  affect  the 
results.)  Within  each  group,  the  scan  speed  increased  from  right  to  left  as  viewed  in  the  figure,  from  1500 
to  4500  in  500  mm/min  increments.  Four  power  settings  were  used:  4,  7,  10,  and  12W,  all  at  pulse 
frequency  of  10  kHz  and  pulse  duration  of  100  ns. 

Data  Collection:  After  experimenting  with  other  examination  techniques  (SEM  and  vertical  scanning 
interferometry,  i.e.,  profilometry),  it  was  found  that  the  only  reliable  way  to  obtain  the  desired  information 
was  via  metallography.  The  difficulties  with  examining  ftie  specimens  are  caused  by  the  narrow  width  of 
the  grooves  (as  little  as  15  |im),  their  fiugility,  high  height  to  width  ratio  (up  to  8  to  1),  and  presence  of 
recast  and  other  debris  within  the  groove  cut  obscuring  the  groove  bottom  from  non-destmctive  optical 


'  Experiments  were  conducted  at  the  Laser  Micromachining  Facility,  Toronto,  Ontario. 
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examination.  The  drawbacks  of  the  metallographic  examination  are  that  it  is  destmctive  and  labour- 
intensive. 

To  make  sure  that  the  fragile  sheets  are  completely  immobilized,  a  two- stage  mounting  process  was 
developed.  In  the  first  stage,  a  25-mm  segment  of  the  support  plate  with  the  sheet  layers  attached  was 
cut  away  from  each  side  of  the  specimen  (see  Figure  2).  Each  piece  was  placed  in  a  rectangular  rubber 
mould  (85L  x  53W  x  30H  mm),  and  set  in  epoxy  (Araldite  GY502).  This  epoxy  block  was  cut  into  two 
pieces,  each  containing  one  line  group,  and,  in  the  second  mounting  stage,  these  two  pieces  were 
mounted  in  epoxy  within  a  one- inch  diameter  cylindrical  mould.  After  polishing  to  0.5  pm  finish,  gray¬ 
scale  images  of  sections  (256-level,  975x975  pixels)  were  captured  through  an  optical  microscope  and 
used  subsequently  to  measure  the  groove  cross-section  features  with  a  resolution  of  0.25  pm/pixel.  . 


Figure  2.  Geometry  of  specimens  and  line  scans  (same  line  pattern  was  used  for  all  specimens). 

Results  and  Discussion 

The  observed  features  of  groove  cross-sections  were  groove  depth  (L,/)  and  recast  area  fraction 
(Ar).  The  amount  of  recast  within  the  groove  indicates  how  successful  the  laser  was  in  severing  the  sheet. 
Ar  is  defined  as  a  percent  firaction  of  profile  cross-section  area  occupied  by  recast.  The  areas  were 
measured  with  the  aid  of  Scion  Image  image-processing  software. 

Set  1:  Solid-plate  Specimens:  Figure  3  shows  two  examples  of  groove  cross-sections,  one  with 
significant  recast  present  and  another  showing  a  successful  (clean)  groove.  Both  figures  show  upward 
molten  material  flow  pattern  which  developed  as  the  vaporized  and  molten  metal  escaped  vertically. 
Recast  occurs  when  molten  and  vaporized  metal  resolidifies  upon  coming  in  contact  with  the  relatively 
cool  walls  of  tile  groove.  Under  certain  process  conditions,  tiiere  is  enough  resolidification  to  form  a 
“bridge”  across  the  groove. 

Figure  4(a)  shows  the  groove  depths  (l^di)  averaged  from  two  observations.  As  expected,  the 
groove  depth  decreases  with  scan  speed  and  increases  with  laser  power.  Also  shown  on  the  same  plot 
are  the  results  of  fitting  the  model  in  Eq.  (3)  to  our  data.  The  parameter  values  used  for  the  model  were: 
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p  =  2700  kg/m\  d  =  30  |xm,  Cp  =  896  J/kgC,  latent  heats  of  fusion  395  kJ/kg  and  vaporization  10.5 
MJ/kg,  Ts  =  2467°C.  The  model  curves  were  “fitted”  by  adjusting  the  absorptivity  value  (ft).  The 
resultant  plots  are  for  a  =  0.48.  Even  though  this  value  is  higher  than  the  rated  absorptivity  of  aluminum 
(0.2-0.25),  it  is  well-known  that  a  rises  at  elevated  temperatures  [5].  An  excellent  fit  was  obtained  for  all 
but  the  lowest  power  setting.  It  is  possible  that  the  model  fails  at  this  setting  since  it  assumes  that  the 
material  removed  from  the  groove  is  completely  vaporized  (i.e.,  all  absorbed  incident  energy  is  used  to 
vaporize  the  groove  material).  At  the  lowest  power,  this  assumption  may  not  be  valid. 


’  (a)  (b) 


Figure  3.  Examples  of  groove  cross-sections  for  solid-plate  specimens:  (a)  recast-filled  groove  (12W, 
2000  mm/min);  (b)  clean  groove  (12W,  4500  mm/min). 

Figure  4(b)  shows  how  recast  area  fraction  (averaged  fi'om  two  observations)  decreases  linearly 
with  scanning  speed.  The  value  falls  quickly  from  nearly  100%  at  1500  mm/min  to,  on  average,  about 
30%  for  4500  mm/min.  There  is  no  significant  dependence  on  the  laser  power. 


Scan  Speed  (mm/min) 


Scan  Speed  (mm/mln) 


(a)  (b) 

Figure  4.  (a)  Groove  depths  (experiment  and  model)  and  (b)  recast  area  fraction  for  solid-plate 

specimens  as  a  function  of  scan  speed. 

Set  2:  Laminated-sheet  Specimens:  For  laminated- sheet  specimens,  some  combinations  of  speed  and 
power  resulted  in  successful  through  cutting  of  the  aluminum  sheet  (Fig.  5a)  while  others  produced 
grooves,  similar  to  the  solid-plate  specimens  (Fig.  5b).  The  trends  for  the  groove  depth  values  ^^2) 
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shown  in  Figure  6(a)  are  similar  to  those  observed  for  the  solid-plate  specimens  except  for  tiie  upper  limit 
of  120  pm  (sheet  thickness). 

Recast  area  fraction  for  laminated- sheet  specimen  (Ar2)  displays  some  of  the  trends  of  the  sohd-plate 
specimens,  but  also  has  some  different  features  (Fig.  6b).  In  a  trend  similar  to  that  for  the  solid-plate 
specimens,  for  speeds  above  2000  mm/min,  the  recast  area  decreases  wth  speed.  One  important 
difference,  however,  is  a  significant  decrease  in  reeast  formation  at  1500  mm/min  for  the  two  highest 
powers  (10  and  12W).  These  are  also  the  powers  and  speeds  at  which  a  through- cut  was  observed  (see 
Fig.  5a).  It  is  conjectured  that  at  these  higher  powers  and  lower  speeds,  sufficient  energy  is  delivered 
through  die  cut  groove  to  the  adhesive  below  to  increase  the  pressure  from  vaporized  material  to  the  point 
where  the  material  is  removed  from  the  groove  before  it  is  able  to  resolidify. 


(a)  (b) 

Figure  5.  Examples  of  groove  cross- sections  for  laminated- sheet  specimens:  (a)  through-cut  sheet  (12W, 
1500  mm/min);  (b)  recast- free  groove  (12W,  4500  mm/min). 


Scan  Speed  (mm/min) 

(a) 


Scan  Speed  (mm/min) 


(b) 


Figure  6.  Groove  depths  (a)  and  recast  area  fiuction  (b)  for  laminated- sheet  specimens  as  a  fimction  of 

scan  speed. 


Comparison  of  Set  1  and  2  Results:  Figure  7  shows  the  ratio  of  groove  depths  for  laminated  sheet  over 
those  for  solid  plate:  y/^  =  •  For  example,  values  of  y/^  less  than  one  would  indicate  that,  for 

equivalent  power  and  speed  parameters,  shallower  grooves  were  produced  in  die  laminated- sheet 
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specimens.  It  is  interesting  to  observe  that  there  is  a  consistent  decline  in  this  ratio  with  speed  for  the 
lowest  power  (4W),  from  0.79  to  0.44,  but,  for  all  other  (higher)  powers,  the  ratio  increases  linearly  with 
speed,  reaching  nearly  unity  at  the  highest  speeds.  Also,  at  the  lowest  speeds  (1500  and  2000  mm/min), 
laser  power  does  not  appear  to  affect  the  y/^  ratio. 


Scan  Speed  (mm/min) 

Figure  7.  Ratio  of  groove  depths  for  laminated  sheet  vs.  solid  plate  (y/^  =  ). 

Conclusions 

From  laser- cutting  experiments  on  solid  aluminum  plates  and  laminated  sheets,  the  relationship 
between  the  process  parameters  (scan  speed  and  laser  power)  and  groove  depth  was  determined  and 
found  to  agree  well  with  the  established  theory.  Additionally,  a  consistent  relationship  between  the 
groove  depths  in  the  solid  plate  and  in  the  laminated  sheets  was  found.  A  novel  method  of  metallographic 
examination  of  fragile  laminated- sheet  specimens  was  developed.  Process  parameter  settings  were  found 
which  resulted  in  recast- free  through  cut  of  uppermost  sheet  without  significant  damage  to  underlying 
stack. 
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Abstract 

In  this  paper,  a  heat  input  closed-loop  control  system  based  on  infrared  image  sensing  for  3D 
laser  cladding  is  introduced.  A  high  frame-rate  (up  to  800  frames/s)  camera  is  installed  coaxially 
on  the  top  of  the  laser-nozzle  setup.  Complete  of  the  infrared  images  of  the  molten  pool  can  be 
acquired  with  a  short  nozzle-substrate  distance  in  different  scanning  directions,  eliminating  the 
noise  from  the  metal  powder.  The  characteristics  of  the  images  show  a  clear  relationship  with  the 
parameter  variations  of  the  cladding  process.  A  closed-loop  control  system  is  built  based  on  the 
feedback  of  the  infrared  image  sensing.  The  control  results  show  a  great  improvement  in  the 
geometrical  accuracy  of  the  part  being  built. 

Keywords:  SFF,  Laser  Cladding,  Infrared  Image  Sensing,  Control. 


1.  Introduction 

Solid  Freeform  Fabrication  (SFF)  is  a  novel  manufacturing  technology  that  could  be  used  for 
the  rapid  creation  of  models,  prototypes  and  patterns  and  for  limited-run  production.  Nowadays, 
several  SFF  methods  have  been  developed,  such  as  3D  welding  [1,2],  micro-casting  [3],  selected 
laser  sintering  [4],  Laser  Engineered  Net  Shaping  (LENS)  [5],  Shape  Deposit  Manufacturing 
(SDM)  [6],  Directed  Light  Fabrication  (DLF)  [7],  3D  laser  cladding  [8]  and  some  hybrid 
methods  [9-11].  Among  these  SFF  methods,  3D  laser  cladding  has  been  considered  to  be  very 
suitable  for  building  metallic  parts.  A  laser  beam  could  be  easily  delivered  and  controlled  and 
could  be  focused  on  a  very  small  area,  so  that  the  interaction  zone  of  a  laser  process  can  be 
accurately  positioned  and  the  bead  track  could  have  a  small  width  (<  1  mm).  This  means  that 
higher  geometrical  accuracy  and  surface  quality  of  the  final  part  can  be  achieved.  Moreover, 
because  of  the  powder  delivery  feature  in  3D  laser  cladding,  no  inert-gas  protection  chamber  is 
required.  So,  a  larger  part  can  be  produced,  and  a  more  complicated  cladding  path  can  be  traced, 
including  four-dimensional  and  five-dimensional  paths.  By  controlling  the  mass  flow  rate  of  the 
metal  powders  from  different  powder  feeders,  a  composite  material  or  alloy  with  a  functionally 
gradient  distribution  can  also  be  produced. 
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When  laser  cladding  is  used  for  SFF,  it  builds  parts  by  adding  powder  material  (e.g.  layer  by 
layer)  and  in  a  way  that  it  resolves  a  complicated  manufacturing  process  into  a  series  of  simple 
and  repetitive  layer  procedures.  A  stable  and  repeatable  layer  procedure  is  therefore  crucial  for 
the  quality  of  the  part  produced.  However,  the  laser  cladding  process  is  governed  by  a  large 
number  of  parameters  [11].  Some  of  the  parameters  are  sensitive  to  the  environment  variations 
and  some  of  them  affect  the  other  laser  cladding  parameters.  In  order  to  perfomi  successful  3D 
laser  cladding  operations,  an  on-line  closed-loop  control  of  the  process  is  necessary. 

Several  previous  research  works  [12-18]  have  been  done  to  control  the  laser  cladding 
process.  Some  of  them  are  focused  on  controlling  the  powder  delivery  in  order  to  achieve  more 
stable  powder  delivery  [12,13],  or  study  the  powder  stream  distribution  and  laser-powder 
interaction  [14,15].  Others  deal  with  the  optimization  of  the  laser  cladding  process  by  a  closed- 
loop  control,  using  a  CCD  camera  [16-18]  or  a  phototransistor  [19]  as  the  sensing  device. 
However,  the  CCD  camera  or  the  phototransistor  is  installed  usually  from  one  side  of  the  nozzle. 
This  installation  is  not  practical  for  SFF  3D  cladding.  The  distance  between  the  nozzle  and  the 
substrate  is  very  small  (~5mm),  so  the  viewing  area  of  the  cladding  is  limited.  The  images  are 
deformed  due  to  the  angle  between  the  optical  central  line  of  the  camera  and  the  laser-nozzle 
setup.  Also,  the  images  acquired  from  an  asymmetrically  installed  camera  will  vary  according  to 
the  scanning  direction,  which  is  always  changing  in  SFF  processes. 

This  paper  discusses  the  control  of  the  heat  input  in  3D  laser  cladding  for  SFF.  A  closed-loop 
control  system  based  on  infrared  image  sensing  is  developed.  A  high  frame-rate  (up  to  800 
frame/s)  camera  is  installed  coaxially  on  the  top  of  the  laser-nozzle  setup.  Complete  infrared 
image  of  the  molten  pool  and  surrounding  area  can  be  easily  acquired  with  a  short  nozzle- 
substrate  distance  and  different  scanning  directions,  eliminating  the  noise  from  the  metal  powder. 
The  characteristics  of  the  images  vary  with  the  cladding  process  parameters  and  have  a  clear 
relationship  with  variations  of  those  parameters.  A  series  of  laser  cladding  experiments  were 
conducted  with  and  without  the  closed-loop  control.  The  experimental  results  show  a  great 
improvement  in  the  geometrical  accuracy  of  the  part  being  built. 

2.  Development  of  closed-loop  control  system 

The  3D  laser  cladding  system  is  comprised  of  four  subsystems:  a  1  kW  Nd:YAG  laser 
source,  a  powder  delivery  system,  a  3-axis  positioning  system  and  an  infrared  image  acquisition 
system.  The  complete  system  is  shown  in  Figure  1.  The  3D  metal  part  is  produced  layer  by  layer 
by  synchronizing  the  X-Y  motion,  the  Nd:YAG  laser  and  the  injection  of  metal  powder.  The 
infrared  image  acquisition  system  takes  the  images  of  the  molten  pool  in  real  time  and  calculates 
the  dimensions  of  the  molten  pool.  It  compares  the  recorded  information  to  the  preset  value  and 
creates  a  feedback  control  value  to  modify  the  output  of  the  laser  source.  In  this  way,  a  stable 
molten  pool  with  desired  dimensions  is  obtained,  and  thus  it  will  be  possible  to  produce  stable 
and  repetitive  layers  if  stable  powder  delivery  is  ensured. 
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The  difficulties  of  image  sensing  in  3D  laser  cladding  arise  from  several  problems.  The 
distance  between  the  cladding  nozzle  and  the  substrate  is  short  (~5  mm).  This  distance  blocks  the 
sight  if  the  observation  is  from  the  sides  of  the  nozzle.  In  order  to  observe  the  molten  pool  of 
cladding  from  one  side,  the  camera  is  usually  installed  at  a  large  angle  with  respect  to  the  central 
line  of  the  nozzle  setup.  The  image  acquired  will  be  distorted  due  to  that  angle  as  well  as  to  the 
direction  of  the  motion.  This  problem  will  be  exaggerated  when  the  scanning  path  is  multi¬ 
dimensional  where  the  part  could  come  in  collision  with  the  camera  or  could  obstruct  the 
direction  of  observation.  Other  problems  of  image  sensing  come  from  the  intense  light  produced 
by  laser  cladding.  The  metal  powder  adds  to  the  difficulty  of  image  processing  as  well. 


Figure  1  System  Integration  of  3D  laser  cladding. 

A  coaxially  installed  image  sensing  setup  with  respect  to  the  laser  beam  is  developed  to  solve 
the  problems  mentioned  above.  The  optical  part  of  the  laser  head  (Figure  2(a))  provides  another 
optical  path  for  the  observation  of  the  laser  processing.  A  high  frame-rate  (up  to  800  frames/s) 
camera  is  installed  on  top  of  the  laser  head,  taking  gray-scale  images  with  a  size  of  128x128 
pixels.  The  radiation  from  the  molten  pool  produced  by  the  laser  cladding  passes  through  the 
partially  reflective  mirror  and  an  infrared  filter,  forming  an  image  on  the  CCD  chip  of  the 
camera.  A  Nd:  YAG  laser  blocking  filter  (-1.06  pm)  is  utilized  to  protect  the  camera  from  laser 
damage.  An  iris  is  used  to  adjust  the  intensity  of  the  radiation  received  by  the  camera  to  prevent 
over-exposure.  In  order  to  get  the  infrared  image  of  the  molten  pool,  which  reduces  the  high 
intensity  light  from  the  molten  pool  and  eliminates  the  image  noise  from  the  metal  powder,  an 
infrared  filter  is  selected  (>700  nm)  and  installed  between  the  iris  and  camera.  During  the  laser 
cladding  process,  the  camera  acquires  images  of  the  cladding  process  in  a  frame  rate  of  200 
frames/s.  Images  are  transferred  to  the  frame  grabber  installed  on  a  PC  computer  that  carries  out 
the  sensing  and  control  process.  The  real  system  setup  is  shown  in  Figure  2(b). 

Figure  3  provides  an  infrared  image  acquired  by  the  coaxially-installed  camera  under 
practical  laser  cladding  condition.  Because  the  observation  is  directly  from  the  top  of  the  molten 
pool,  a  full  view  image  of  cladding  can  be  acquired  without  any  blocking.  With  the  correct 
combination  of  the  Nd:  YAG  filter  and  the  IR  filter  as  well  as  the  right  iris  aperture,  a  clear 
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image  of  the  molten  pool  can  be  obtained  without  the  noise  from  the  metal  powder.  The  radiation 
wavelength  received  by  the  camera  is  between  0.7  and  1 .06  |Lim. 


Meriaudeau  and  Truchetet  [16]  calibrated  the  CCD  camera  with  an  IR  filter,  and  concluded 
that  the  gray  level  of  the  pixels  has  a  linear  relationship  with  the  temperature.  So,  the  infrared 
images  acquired  reflected  the  temperature  distribution  around  the  molten  pool.  Due  to  the 
temperature  range  in  laser  cladding,  the  wavelength  region  of  0.7-1.06  |xm  occupies  the  part  of 
the  electromagnetic  spectrum  in  which  most  radiometric  surface  temperature  measurements  are 
made.  Figure  3(b)  shows  the  gray  level  isotherms  of  the  unprocessed  infrared  image  shown  in 
Figure  3(a).  In  a  closed  loop  control  of  3D  laser  cladding  process,  an  absolute  temperature 
measurement  is  not  necessary,  as  only  the  relative  difference  is  necessary  for  generating  the 
feedback. 


High 

Frame-rate 

Camera 

PIN  350  Computer 


(a)  Schematic  presentation  (b)  Close-up 

Figure  2  Infrared  image  acquisition  system 


(a)  unprocessed 


(b)  processed 


Figure  3  Acquired  infrared  image 
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3.  Laser  cladding  experiments 

A  set  of  laser  cladding  experiments  have  been  performed  to  test  the  control  effect  of  the 
developed  closed-loop  control  system  based  on  infrared  image  sensing.  The  substrate  material 
utilized  in  the  experiments  is  mild  steel,  and  the  metal  powder  is  an  H13  tool  steel  powder  with  a 
-100/+325  mesh  size.  The  powder  delivery  rate  is  kept  constant  at  5.2  g/min.  The  experiments 
are  carried  out  at  a  constant  scanning  speed  of  8  mm/s,  but  at  different  laser  powers. 

To  compare  the  processing  results,  single-bead  walls  are  built  under  the  following  three 
varied  processing  conditions.  The  first  type  of  samples  are  built  with  no  pre-heating  of  the 
substrate  and  no  closed-loop  control  for  the  heat  input.  The  second  type  of  samples  are  built  with 
pre-heating  but  no  control,  and  the  third  type  of  walls  are  built  utilizing  the  closed-loop  control 
function.  The  walls  are  produced  in  a  repetitive  manner.  The  nozzle  moves  along  the  positive 
direction  of  the  X  axis  first  to  build  one  layer,  moves  up  a  small  increment  along  the  Z  axis  after 
the  layer  is  built  up,  and  then  moves  back  along  the  negative  X  direction  for  the  next  layer’s 
deposition.  During  the  wall  building  process,  the  area  of  the  thermal  field  with  a  threshold  of  50 
is  recorded  continuously  with  an  image-processing  rate  of  10  frames/second. 

A  typical  group  of  single-bead-wall  samples  built  by  laser  cladding  at  the  same  laser  power 
(290  W)  is  shown  in  Figure  4.  It  can  be  observed  that,  when  no  heat  input  control  is  utilized,  the 
root  of  the  wall  is  obviously  narrower  than  the  upper  part  of  the  wall,  as  shown  in  Figure  4(a)  or 
(b).  Moreover,  this  trend  is  even  more  pronounced  within  the  wall  built  without  preheating 
(Figure  4(a)).  The  geometrical  change  of  the  uncontrolled  3D  laser  cladding  process  results  from 
the  variation  in  heat  loss.  At  the  beginning  of  the  wall  building,  due  to  the  large  heat  conduction 
of  the  substrate,  the  created  beads  are  narrower.  As  the  wall  grows  up,  there  is  less  heat 
conduction  along  the  built  wall,  and  the  bead  becomes  wider  until  it  reaches  a  new  equilibrium 
value.  For  the  wall  with  preheating,  the  initial  heat  loss  conducted  into  the  substrate  is  reduced 
because  of  the  high  temperature  of  the  substrate,  and  thus  more  energy  is  used  to  create  the 
molten  pool,  which  results  in  a  wider  wall  than  that  without  preheating.  The  role  of  the  closed- 
loop  control  system  in  laser  cladding  is  just  to  overcome  the  effect  of  heat  variation.  At  the  initial 
stage  of  wall  building,  because  a  lot  of  heat  is  conducted  into  the  substrate,  a  small  molten  pool 
is  created.  The  control  system  reacts  by  increasing  the  laser  power  in  order  to  produce  a  molten 
pool  with  the  preset  dimensions.  As  the  wall  grows,  heat  conduction  loss  is  reduced  and  the  laser 
power  output  returns  to  a  normal  level.  With  this  feedback  control  function,  the  size  of  the 
molten  pool  could  be  kept  nearly  constant,  resulting  in  the  constant  wall  width  along  the  entire 
height  of  the  wall. 

This  process  can  be  more  clearly  explained  with  the  use  of  the  recorded  infrared  images 
recorded  during  laser  cladding.  As  was  mentioned  before,  the  pixel  number  of  the  infrared  image 
reflects  the  temperature  distribution  of  the  laser  cladding  as  well  as  the  size  of  molten  pool.  It  can 
be  observed  from  Figure  5(a)  that,  when  neither  preheating  or  heat  input  control  is  applied,  the 
pixel  number  of  the  thermal  field  area  starts  with  about  1,000  for  the  first  layer,  and  it  gradually 
increases  up  to  5,000  and  stays  there  for  the  rest  of  the  buildups.  However,  when  a  preheating 
procedure  is  applied,  the  pixel  number  of  the  infrared  images  at  the  beginning  is  relatively  high 
compared  to  the  case  without  preheating,  as  shown  in  Figure  5(b).  This  fact  corresponds  to  the 
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geometrical  comparison  of  the  walls  built  under  these  two  conditions.  Figure  5(c)  shows  the 
pixel  numbers  of  the  images  acquired  from  the  laser  cladding  of  a  single-bead  wall  with  heat 
input  control.  Apparently,  a  very  stable  pixel  number  is  obtained  which  corresponds  to  a  uniform 
width  of  the  wall.  Contrary  to  the  stability  of  the  pixel  number,  the  laser  power  fluctuates  greatly 
(Figure  5(d)),  showing  the  obvious  control  function  of  the  closed  loop  control  system. 


Figure  4  Single-bead  walls  built  by  3D  laser  cladding  process. 


(a)  Without  preheating  and  heat 
input  control 


; 


i.'.  i  ^  « 

Frame  number 


Frame  number 

(b)  With  preheating  and 
without  heat  input  control 


Frame  number 

(d)  Power  level  corresponding  to  (c) 


(c)  With  heat  input  control 

Figure  5  The  area  of  thermal  field  in  3D  laser  cladding. 
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The  geometrical  parameters  of  cross-sections  of  the  walls  built  under  different  processing 
conditions  are  given  in  Table  1.  The  average  width  of  the  wall  Wa  is  calculated  by  averaging  10 
width  measurements  taken  at  10  evenly  spaced  heights  from  the  substrate  surface.  Wmm  means 
the  minimum  width  of  the  wall,  which  normally  corresponds  to  the  root  of  the  wall.  A 
geometrical  accuracy  T]  is  introduced  to  express  the  width  variation  of  each  wall  sample,  which 
is  calculated  by  the  following  formula: 


ri= 


w„  -w^ 


xl00% 


Table  1 :  Geometry  of  the  walls  built  under  different  conditions 


Power 

Level 

(W) 

Without  preheating  and 
without  control 

With  preheating  and 
without  control 

With  control  ** 

Average 

width 

Wa  (mm) 

Minimum 
width 
w,„i„  (mm) 

Geometrical 

accuracy 

r\i%) 

Average 

width 

Wa  (mm) 

Minimum 
width 
w„,i„  (mm) 

Geometrical 

accuracy 

n(%) 

Average 

width 

Wa  (mm) 

Minimum 
width 
w,„in  (mm) 

Geometrical 

accuracy 

Tl(%) 

0.95 

0.45* 

53% 

1% 

1.33 

0.58 

56% 

1.26 

29% 

■ESI 

■DROH 

1% 

450 

1.48 

0,79 

47% 

1.5 

0.94 

37% 

■mi 

1.15 

15% 

540 

1.61 

0.945 

41% 

1.60 

1.0 

38% 

1.58 

1.29 

19% 

620 

1.7 

0.99 

42% 

1.75 

.  1 

43% 

1.67 

1.31 

22%  . 

*:  The  bonding  of  t 

le  wall  with  the  substrate  surl 

face  is  not  continuous. 

**:  The  laser  powers  listed  are  transformed  from  the  calibrated  pixel  numbers 


The  geometrical  change  of  the  walls  with  laser  power  is  shown  in  Figure  6.  When  no  heat 
input  control  is  applied,  a  preheating  procedure  contributes  to  improve  the  geometrical  accuracy 
of  the  wall,  especially  when  the  laser  power  is  less  than  500W.  With  the  increase  of  laser  power, 
the  influence  of  preheating  becomes  of  less  importance.  This  is  because  a  higher  laser  power 
could  compensate  for  the  difference  in  heat  loss  due  to  the  different  thermal  conditions 


Figure  6  Geometrical  accuracy  Fs  laser  power 
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It  can  also  be  observed  that,  under  all  laser  power  levels,  the  geometrical  variation  of  the 
cross  sections  of  the  walls  built  with  heat  input  control  is  much  lower  than  those  without 
control.  When  the  laser  power  is  below  400W,  there  is  almost  no  width  variation  along  the  wall 
height  if  a  control  function  is  applied.  Even  at  higher  laser  power  levels,  the  geometrical 
accuracy  gradually  goes  down,  but  it  is  still  far  superior  to  that  without  any  control  function. 


4.  Conclusions 

Infrared  image  sensing  is  an  efficient  sensing  method  for  3D  laser  cladding  for  SFF.  Clear 
infrared  images  of  the  molten  pool  generated  by  the  laser  beam  can  be  acquired  easily  by  a 
coaxial  camera  even  in  the  case  of  a  short  nozzle-substrate  distance  and  in  different  scanning 
directions.  The  infrared  image  reflects  the  temperature  information  that  is  a  significant 
parameter  affecting  the  cladding  result.  The  closed-loop-controlled  3D  laser  cladding  based  on 
the  infrared  image  sensing  can  overcome  the  effects  of  thermal  variation  and  thus  achieve  a 
consistent  processing  quality  of  3D  laser  cladding. 
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Abstract 

This  paper  presents  the  research  and  development  of  a  hybrid  rapid  manufacturing  process  being 
developed  at  the  University  of  Missouri-Rolla.  This  process  includes  a  laser  deposition  and  a  5- 
axis  CNC  milling  system.  By  combining  laser  deposition  and  machining  processes,  the  resulting 
hybrid  process  can  provide  greater  build  capability  and  better  accuracy  and  surface  finish.  The 
hybrid  process  can  build  some  features  that  are  difficult  to  build  in  using  a  purely  deposition 
processes.  The  issues  and  related  approaches  in  the  research  and  development  of  the  hybrid 
deposition-machining  process,  including  laser  deposition  process,  system  design  and  integration, 
process  planning,  and  sensor  selection  and  control,  are  discussed. 

Introduction 

This  paper  summarizes  an  interdisciplinary 
approach  to  design  and  develop  a  hybrid  rapid 
manufacturing  process  to  build  functional  metal  parts. 

This  process  uses  laser  deposition  for  material 
deposition  and  CNC  milling  for  material  removal  as 
shown  in  Figure  1.  This  five-axis  laser 
deposition/CNC  machining  process  has  been 
developed  at  the  Laser  Aided  Manufacturing 
Processes  (LAMP)  Laboratory  in  the  University  of 
Missouri  at  Rolla  (UMR).  It  includes  two  major 
systems:  a  laser  deposition  system  (Rofin-Sinar  025) 
and  a  CNC  milling  machine  system  (Fadal  VMC- 
3016L).  The  laser  deposition  system  and  CNC  milling 
machine  work  in  shifts  in  a  five-axis  motion  mode. 

The  laser  deposition  system  consists  of  a  laser  and  a 
powder  feeder. 

In  conventional  2.5-D  laser  deposition  process  to 
create  three-dimensional  parts,  overhang  and  top 
surfaces  of  hollow  parts  need  be  supported.  Often 
support  materials  for  functional  metal  parts  are  not 
feasible.  Moreover,  deposition  of  the  support  material 
for  metals  leads  to  poor  surface  quality  at  the  regions  in  contact  with  the  support  structure. 
Moreover,  it  increases  the  build  time  of  the  part  and  necessitates  a  time-consuming  post¬ 
processing.  Additionally  use  of  support  increases  the  build  time  of  the  part  and  necessitates  a 
time-consuming  post-processing.  With  a  five-axis  deposition  process  integrated  with  five-axis 
machining,  these  obstacles  can  be  removed.  This  paper  summarizes  the  issues  and  related 


Figure  1.  Schematic  diagram  of  the 
hybrid  system  at  UMR 
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approaches  in  the  research  and  development  of  the  hybrid  deposition-machining  process, 
including  laser  deposition,  sensor  selection,  system  control,  and  process  planning. 

Laser  Deposition 

For  successful  deposition,  the  Direct  Laser  Deposition,  or  DMD,  process  should  be  well 
designed  and  controlled.  The  scientific  challenge  is  how  to  accurately  control  the  physical 
dimension  and  material  properties  of  the  part.  Close  control  of  dimension  will  result  in 
substantial  savings  in  post  process  machining  cost.  Substantial  cost  reduction  is  possible,  if 
desired  properties  can  be  achieved  through  process  control  thus  minimizing  post-process  heat 
treatment.  Control  of  the  melt  pool  size  and  solidification  time  can  offer  both  desired  dimension 
by  limiting  the  melt  pool  volume  and  desired  properties  through  microstructure  manipulation  by 
controlling  the  cooling  rate.  This  will  require  quantitative  understanding  of  the  relationship 
between  independent  process  parameters  (laser  power  speed,  powder  deposition  rate  etc.),  and 
dependent  process  parameters  (dimension,  microstructure  and  properties,  etc.).  Issues  related 
with  these  parameters  and  possible  approaches  are  discussed  below: 
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A.  Independent  process  parameters 

The  major  independent 
process  parameters  for  the 
laser  aided  DMD  process 
include  the  following:  (1) 
incident  laser  beam  diameter, 

(2)  process  speed,  (3)  laser 
beam  power,  (4)  powder  feed 
rate,  and  (5)  laser  beam  path 
width  (path  overlap)  as  shown 
in  Figure  2.  Other  parameters 
such  as  nozzle  to  surface 
distance  (standoff  distance), 
nozzle  gas  flow  rate, 
absorptivity,  and  depth  of 
focus  with  respect  to  the 
substrate  also  play  important 
roles. 

(1)  Laser  beam  diameter 

This  parameter  is  one  of  the  most  important  variables  because  it  determines  the  power 
density.  However  it  is  very  difficult  to  measure  for  high  power  laser  beams.  This  is  partly  due 
to  the  nature  of  the  beam  diameter  and  partly  due  to  the  definition  of  what  is  to  be  measured. 
Many  techniques  have  been  employed  to  measure  the  beam  diameter,  but  most  are  unsatisfactory 
in  some  respect  or  another.  Single  isotherm  contouring  techniques  such  as  charring  paper  and 
drilling  acrylic  or  metal  plates  suffer  from  the  fact  that  the  particular  isotherm  they  plot  is  both 
power  and  exposure  time  dependent.  Multiple  isotherm  contouring  techniques  overcome  these 
difficulties  but  are  tedious  to  interpret. 

(2)  Process  speed 

In  general,  decreasing  process  speed  increases  the  layer  thickness.  However  there  is  a 
threshold  to  reduce  process  speed  since  too  much  specific  energy  may  cause  previous  layers 
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Figure  2.  DMD  Process  Parameters  Flow  Chart 
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tempered  or  secondary  hardened  (Mazumder,  1997).  Process  speed  for  DMD  process  should  be 
well  chosen  since  it  has  strong  influence  on  microstructure. 

(3)  Laser  beam  power 

The  layer  thickness  during  laser  cladding  process  is  directly  related  to  the  power  density  of 
the  laser  beam  and  is  a  function  of  incident  beam  power  and  beam  diameter.  Generally,  for  a 
constant  beam  diameter,  the  layer  thickness  increases  with  increasing  beam  power  provided 
corresponding  powder  feed  rate.  It  was  also  observed  that  the  cladding  rate  (deposition  rate) 
increased  with  increasing  laser  power  (Weerasinghe,  1983). 

(4)  Powder  mass  feed  rate 

Powder  mass  feed  rate  is  another  important  process 
parameter  to  decide  the  layer  thickness.  However  effective 
powder  feed  rate,  which  includes  powder  efficiency  during 
the  DMD  process,  was  turned  out  to  be  more  important 
(Lin,  1998;  Mazumder,  1999).  Also  the  factor  that  most 
significantly  affected  the  percent  powder  utilization  was 
laser  power.  The  powder  nozzle  is  set  up  to  give  a 
concentric  supply  of  powder  to  the  cladding  melt  pool,  and 
due  to  the  nature  of  the  set-up,  the  powder  flow  is  hour 
glass-shaped.  As  shown  in  Figure  3,  the  powder  flow 
initially  is  unfocused  as  it  passes  through  the  powder 
delivery  nozzle,  but  the  nozzle  guides  the  powder 
concentrically  towards  its  center,  and  essentially  "focuses" 
the  beam  of  powder. 

The  smallest  diameter  focus  of  the  powder  "beam"  is  dependent  upon  the  design  of  nozzle.  If  the 
laser  beam  diameter  becomes  too  small  as  compared  to  the  beam  diameter,  e.g.,  100pm,  much  of 
the  supplied  powder  may  never  reach  the  cladding  melt  pool.  Thus,  there  will  be  unacceptably 
low  powder  utilization. 

(5)  Beam  path  width  (Beam  width  overlap) 

Beam  width  overlap  has  strong 

influence  in  top  surface  roughness.  The 
reason  for  this  decrease  in  surface 
roughness  is  depicted  in  Figure  4.  As  the 
cladding  pass  overlap  increases,  the 
valley  between  passes  is  raised  due  to  the  cladding  with  low  Pass  overlap 
overlap  therefore  reducing  the  surface 
roughness.  In  order  to  obtain  the  best 
surface  quality,  the  percent  pass  overlap 

should  be  increased  as  much  as  possible.  On  the  other  hand,  in  order  to  decrease  the  wall  surface 
roughness,  the  cladding  layers  should  be  kept  as  thin  as  possible. 


Figure  3.  Powder  Delivery  Flow  Profile 


Smoother  Surface  with  Higher  Overlap 


Cladding  With  High  Pass  Overlap 

Figure  4.  Surface  Profile  Change  from  Increase  in  Percent 
Overlap 


B.  Dependent  process  parameters 

The  major  dependent  process  parameters  are  considered  to  be  (1)  layer  thickness,  (2)  surface 
roughness,  and  (3)  process  time.  Other  dependent  parameters  such  as  hardness,  microstructure, 
and  mechanical  properties,  etc  should  be  also  considered,  but  in  this  paper  we  will  focus  only  on 
the  parameters  related  with  physical  dimension. 

(1)  Layer  thickness 
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There  is  a  large  range  of  layer  thickness  as  well  as  deposition  rates  that  can  be  achieved  using 
laser  deposition.  However,  part  quality  consideration  put  a  limit  on  optimal  deposition  speeds. 
Both  the  layer  thickness  and  the  volume  deposition  rates  are  affected  predominately  by  the 
specific  energy  and  powder  mass  flow  rate.  Here,  specific  energy  (SE)  is  defined  as:  SE  = 
p/(Dv),  where  p  is  the  laser  beam  power,  D  is  the  laser  beam  diameter  and  v  is  the  process  speed. 
Also  it  has  been  well  known  that  actual  laser  power  absorbed  in  the  melt  pool  is  not  same  as 
nominal  laser  power  measured  from  laser  power  monitor  due  to  reflectivity  and  other  plasma 
related  factors  depending  on  the  materials  (Duley,  1983).  The  use  of  adjusted  specific  energy  is 
thus  preferable.  Considering  the  factors,  it  was  reported  that  there  is  a  positive  linear 
relationship  between  the  layer  thickness  and  adjusted  specific  energy  for  each  powder  mass  flow 
rate  (Mazumder,  1999). 

(2)  Surface  roughness 

Surface  roughness  was  found  highly  dependent  on  the  direction  of  measurements  with 
respect  to  the  cladding  (Mazumder,  1999).  In  checking  the  surface  roughness,  at  least  four 
directions  should  be  tested  from  each  sample;  the  length  and  width  direction  on  the  top  surface, 
and  the  horizontal  and  vertical  directions  on  the  walls.  Since  the  largest  roughness  on  each 
sample  is  of  primary  interest,  measurements  should  be  only  taken  perpendicular  the  clad 
direction  on  the  top  surface  and  in  the  vertical  direction  on  the  walls,  based  on  our  preliminary 
experiments. 

(3)  Process  time 

The  overall  deposition  processing  time  is  mainly  dependent  upon  the  layer  thickness  per 
slice,  process  speed  and  laser  beam  diameter.  As  an  example,  if  the  layer  thickness  is  250 
pm/slice,  and  process  speed  is  12.7  mm/s,  and  laser  beam  diameter  is  1  mm,  the  process  volume 
deposition  rate  is  about  0.2  cmVmin.  However,  the  processing  conditions  need  to  be  optimized 
prior  to  optimize  the  processing  time,  since  the  processing  time  is  directly  influenced  by  the 
conditions.  If  the  laser  beam  diameter  is  increased,  the  specific  energy  and  power  density  will  be 
decreased  under  the  same  process  condition,  that  means,  less  deposition  rate  unless  the  laser 
power  and  powder  mass  flow  rate  are  correspondingly  increased.  Similarly  when  the  process 
speed  is  increased,  all  other  process  parameters  including  laser  power  and  powder  mass  feed  rate, 
etc  should  be  optimized. 


Sensor  Selection 


The  temperature  of  the  melt  pool,  the  thickness 
of  the  deposited  layer  and  the  physical  dimensions 
and  characteristics  of  the  melt  pool  should  be 
determined  for  feedback  control.  Since  molten 
metal  is  deposited  in  very  thin  layers  on  a  steel 
substrate,  the  temperature  range  of  the  melt  pool  is 
between  1000°C  and  1500°C  but  less  than  2000°C. 
The  layers  are  deposited  with  a  minimum 
thickness  of  10|im.  The  diameter  of  the  laser  beam 
would  typically  be  a  little  less  than  1  mm. 

A.  Temperature  Sensors 

Due  to  the  nature  of  DMD  process,  the 
temperature  sensor  should  be  a  non-contact  sensor 
and  must  work  with  the  Nd:YAG  laser.  Infrared 


Raciant  axtJance  as  a  function  ot  wa'/8:eng‘.h  and  temperature 
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Figure  5.  Radiant  exitance  as  a  function  of 
wavelength  and  temperature 
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Thermometry  is  best  suited  for  non-contact  application. 

Every  object  emits  radiant  energy  and  the  intensity  of  this  radiation  is  a  function  of  its 
temperature.  Radiance  in  the  visible  range  is  quite  low.  The  radiance  at  every  wavelength 
increases  with  increasing  temperature  as  shown  in  Figure  5  and  the  determination  of  the  radiance 
at  any  wavelength  serves  to  establish  the  emitters’  temperature.  Because  of  this  fact, 
temperature-measuring  devices  that  are  based  on  a  single  wavelength  do  not  give  the  absolute 
temperature.  Hence,  two-color  infrared  thermometry  is  preferred. 

The  two-color  infrared  thermometry  utilizes  the  two-color  principle,  in  which  the 
temperature  measurement  is  made  by  ratioing  the  radiation  intensities  of  two  adjacent 
wavelengths  rather  than  from  absolute  intensity  as  with  single  band  (or  single  color)  instruments 
as  shown  in  Figure  6.  Thus,  these  sensors  are:  independent  of  emissivity,  unaffected  by  dust  and 
other  contaminants  in  the  field  of  view,  independent  of  target  size,  and  can  take  accurate 
readings  with  only  10%  of  the  target  area  within  the  field  of  view. 

Most  of  the  sensors  work  with 
wavelengths  aroimd  1  |xm.  Since  the 
Nd:YAG  laser  operates  at  1,06pm 
wavelength,  it  might  interfere  with 
the  temperature  sensor  being  used. 

One  possible  solution  is  to  shut  off 
the  laser  for  a  relatively  small 
period  of  time,  about  20  to  50ms 
(typical  response  time  of  the 
temperature  sensor)  every  2s,  to 
facilitate  sensing.  The  disadvantage 
of  opting  for  this  method  was  that 
the  feed-rate  could  not  exceed  0.01  m/s  for  a  proper  deposition  layer  without  discontinuities. 
Hence,  temperature  sensors  working  with  wavelengths  around  that  of  the  primary  laser  could  not 
be  used.  A  Williamson  Corporation  temperature  sensor  working  with  wavelengths  around  1.5 
pm  was  chosen  for  this  particular  application. 

B.  Displacement  Sensor 

The  main  criteria  for  choosing  a  displacement  sensor  is  the  measuring  range,  resolution  and 
spot  size,  which  is  unique  to  each  laser-based  direct  metal  deposition  system.  Since  the 
displacement  sensor  has  to  be  a  non-contact  sensor  and  cannot  be  mounted  vertically  on  top  of 
the  spot  to  be  measured,  a  laser  displacement  sensor  (LDS)  has  to  be  used  which  can  be  mounted 
at  an  inclination.  The  laser  displacement  sensor  is  not  focused  on  the  melt  pool,  but  rather  with  a 
little  offset,  to  measure  the  thickness  of  the  deposited  layer.  The  laser  displacement  sensor  emits 
a  beam  of  laser  and  detects  the  deflection  in  the  reflected  beam.  The  thickness  of  the  deposited 
layer  is  proportional  to  the  deflection  of  the  beam.  The  deflection  of  the  beam  is  detected  by  a 
laser  detector,  which  outputs  a  voltage  that  is  proportional  to  the  thickness  of  the  deposited  layer. 
An  Omron  Laser  Displacement  Sensor  was  chosen  for  this  particular  system. 

C.  Imaging  Sensor 

An  imaging  sensor  is  moxmted  on  top  of  the  nozzle  with  a  beam  bender  so  that  it  can  “look” 
at  the  melt-pool  from  nadir.  The  melt-pool  images  can  be  processed  to  monitor  bean  width  and 
melt-pool  quality.  Since  real-time  processing  was  a  concern  a  camera  with  embedded  DSP 
processor  was  favored.  The  conventional  camera  technology  is  based  on  CCD  sensors,  however 
CCD  sensors  have  low  dynamic  range  so  that  the  bloom  of  the  laser  processing  saturates  the 
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Figure  6.  Block  diagram  of  two-color  infrared  temperature 
sensor 
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sensor.  One  possibility  was  to  shut  the  laser  for  a  few  milliseconds  while  the  image  is  captured, 
however  it  the  thought  to  interfere  with  the  deposition  processes.  Thus  a  camera  based  on  new 
CMOS  technology  is  opted.  Due  to  self-adaptive  gain  feature,  these  sensors  can  achieve  very 
high  dynamic  range  so  that  it  is  possible  to  “see  through”  the  bloom.  Moreover  this  camera 
affords  random  access  to  any  region  of  interest. 


Control 

The  implementation  of  process  control  for  deposition  processes  is  scarce.  Parameters  such  as 
melt  pool  profile,  melt  pool  temperature,  and  overlap  factor  must  be  regulated  while  each  layer  is 
being  placed  to  indirectly  control  the  part  microstructure  and  layer  bonding.  The  bead  width  and 
height  should  also  be  regulated  such  that  removal  processes  are  not  unduly  required  to  even  the 
surface,  as  this  will  decrease  productivity  dramatically.  Powder  catchment  efficiency  is  always 
an  important  parameter  to  maximize,  too,  as  it  directly  affects  the  system  cost. 

Since  the  deposition  process  is  relatively  new,  it  is  not  surprising  that  advanced  control 
theory  has  not  been  utilized.  The  state-of-the-art  still  utilizes  classical  control  theory  where  the 
gains  are  not  chosen  systematically  and  the  different  phenomena  (e.g.,  melt  pool  temperature)  are 
regulated  separately.  Also  the  models  are  typically  static.  The  empirical  relationships  do  not 
account  for  inherent  process  variability,  and  the  process  and  servomechanism  dynamic  effects 
have  not  been  taken  into  account.  In  the  LAMP  Lab,  we  are  developing  system  theoretic, 
dynamic  models  of  the  laser  metal  deposition  process  for  simulation  and  controller  development. 
A  schematic  of  the  control  architecture  is  shown  in  the  Figure  7.  The  three  major  components 
that  affect  the  laser  metal  deposition  process  are  the  powder  feeder,  laser,  and  CNC  traverse 
velocity.  The  dynamics  are  inherent  in  these  components  as  well  as  in  the  deposition  process. 
Note  that  the  communication  with  the  CNC  via  an  RS232  port  induces  delays.  There  are  also 
physical  transport  delays  in  the  powder  feeder  system.  The  process  control  system  will  utilize  a 
Smith  Predictor-Corrector  algorithm  to  account  for  these  delays,  multivariable  control 
techniques  is  used  to  account  for  multiple  control  inputs  and  outputs,  and  parameters  estimation 
is  employed  to  account  for  process  variability. 


carrier  gea 


Figure  7.  Deposition  (left)  and  Structural  Deflection  (right)  Process  Control  Architectures 


As  opposed  to  the  literature  in  deposition  process  control,  the  literature  in  removal  process 
control  is  immense  and  will  not  be  reviewed  in  this  paper.  In  the  hybrid  process,  the  main 
concern  of  the  machining  process  is  to  remove  excess  material  as  quickly  as  possible  while 
meeting  the  part  geometry  constraints.  If  the  part  is  damaged  during  the  removal  process  and 
must  be  scraped,  the  cost  will  be  tremendous,  as  machining  is  the  finishing  process.  The  parts 
built  by  the  hybrid  process  typically  have  thin  sections  and  complex  geometries,  and  the  material 
to  be  removed  will  typically  have  an  uneven  distribution  over  the  surface  from  which  it  will  be 
removed.  The  removal  process  is  required  before  the  part  is  reoriented,  or  when  access  to  a 
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svirface  to  be  machined  may  be  blocked  by  further  deposition.  For  the  removal  process,  the  issues 
are  to  ensure  that  the  structural  deflections  are  not  excessive,  that  regenerative  chatter,  excessive 
tool  wear,  and  tooth  chippage  do  not  occur,  and  that  the  machine’s  geometric  and  thermal  errors 
are  compensated. 

Structural  deflections  will  be  the  first  issue  addressed  in  the  LAMP  Lab.  A  schematic  for  a 
structural  deflection  control  system  is  shown  in  the  figure  above.  During  the  deposition  process, 
the  bead  profile  will  be  monitored;  therefore,  the  profile  of  the  excess  material  to  remove  off  of 
each  surface  will  be  known.  Using  a  mechanistic  model  of  the  machining  process,  an  optimal 
feedrate  trajectory  can  be  calculated  such  that  a  constant  machining  force,  and  hence  structural 
deflection,  may  be  maintained.  This  feedrate  profile  will  be  embedded  in  the  part  program. 
However,  due  to  model  inaccuracies  and  unknown  changes  in  the  force  process,  a  feedback  loop 
will  also  be  required  to  maintain  a  constant  force  while  machining  the  surface.  A  Model 
Reference  Controller  (MRC)  with  a  Smith  Predictor-Corrector  algorithm  (to  account  for  the 
commimication  delay  with  the  RS232  port)  will  be  implemented.  Using  the  surface  profile, 
process  compensation  will  be  used  to  adjust  the  controller  gains  to  account  for  known  process 
changes,  while  a  Recursive  Least  Squares  (RLS)  algorithm  will  be  utilized  to  estimate  variations 
in  model  parameters  due  to  unknown  process  changes.  These  compensation  schemes  will  adjust 
the  controller  gains  allowing  for  a  robust  control  scheme. 

Process  Planning 

Process  planning,  simulation,  and  tool  path  generation  for  the  LAMP  allow  the  designer  to 
visualize  and  perform  the  part  fabrication  fi*om  the  desktop.  The  Laser  Aided  Manufacturing 
Process.  Planning  uses  STL  models  as  input  and  generates  a  description  that  specifies  contents 
and  sequences  of  operations.  The  objective  of  the  process  planning  is  to  integrate  the  five-axis 
motion  and  deposition-machining  hybrid  processes.  The  results  consist  of  the  subpart 
information  and  the  build/machining  sequence.  Basic  planning  steps  involve  determining  the 
base  face,  extracting  the  skeleton,  decomposing  a  part  into  subparts,  determining  build  sequence 
and  direction  for  subparts,  checking  the  feasibility  of  the  build  sequence  and  direction  for  the 
machining  process,  and  optimization  of  the  deposition  and  machining. 

(1)  Skeleton  Computation 

An  algorithm  for  computing  the  skeleton  of  3-D  polyhedron  is  needed.  The  algorithm  is 
based  on  a  classification  scheme  for  points  on  the  skeleton  computation  (Sherbrooke,  1995)  in 
which  the  continuous  representation  of  the  medial  axis  is  generated  with  associated  radius 
functions.  Because  it  is  used  as  a  geometric  abstraction,  the  skeleton  is  trimmed  from  the  facets 
that  touch  the  boundary  of  the  object  along  every  boundary  edge  for  which  the  interior  wedge 
angle  is  less  than  %  rad. 

(2)  Part  Orientation 

The  determination  of  the  base  face  from  which  the  building  process  of  the  part  starts  is  very 
important.  The  base  face  functions  as  the  fixture  in  the  machining  process.  Therefore,  when  in 
the  machining  process,  it  must  provide  enough  resistance  against  the  cutting  force.  The  maximal 
resistance  force  depends  on  the  area  of  the  base  face.  The  base  faces  have  to  satisfy  the 
following  conditions:  1)  Located  on  the  convex  hull  of  the  part,  and  2)  Certain  amount  of  contact 
area. 

(3)  Part  Decomposition  and  Building  Direction 

The  objective  of  part  decomposition  is  to  divide  the  part  into  a  set  of  subparts,  which  can  be 
deposited  and  machined.  The  topology  of  the  part  can  be  obtained  from  the  skeleton.  Each 
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branch  of  the  skeleton  corresponds  to  a  subpart.  One  of  the  partitions  that  are  preformed  is  along 
a  non-planar  surface.  Therefore,  close  to  the  partition  area,  3-D  layers  are  needed  to  build  the 
connection  between  two  subparts.  The  build  direction  of  a  subpart  may  not  be  constant.  It 
changes  when  the  part  is  built  layer  by  layer  so  that  for  two  adjacent  layers,  the  later  layer  can  be 
deposited  based  on  the  early  layer  without  any  support  structures.  To  achieve  the  non-support 
build,  the  build  directions  need  to  be  along  the  skeleton. 

(4)  Building  Sequence 

The  results  of  decomposition  are  recorded  in  an  adjacency  graph  where  nodes  represent 
subparts,  and  edges  represent  the  adjacency  relationship  between  connected  nodes.  After 
considering  part  building  order,  a  directed  graph  that  represents  the  precedence  relationship 
among  subparts  can  be  constructed.  From  the  precedence  graph,  one  can  identify  in  what  order 
the  subparts  can  be  built.  With  the  precedence  graph,  a  set  of  alternative  building  plans  can  be 
generated.  Each  plan  represents  a  possible  building  sequence  on  the  decomposed  geometry  and 
can  be  chosen  optimally  depending  upon  machine  availability  or  other  criteria  such  as  minimum 
building  time. 

(5)  Machinability  Check 

The  main  purpose  of  machinability  check  is  to  choose  an  optimal  building  sequence  from  the 
sequence  set.  Local  and  global  collision  checks  are  operated  first  to  choose  acceptable  sequences 
since  the  building  direction  is  different  in  each  sequence.  If  any  kind  of  collision  happens  or  an 
under  cut  plane  appears,  the  corresponding  sequence  will  be  discarded.  For  the  rest  of  the 
building  sequences  in  set,  the  buildability  check  and  machining  time  computation  is  performed  to 
find  an  optimal  building  sequence. 


Conclusion 

The  research  and  development  of  a  hybrid  material  deposition  and  removal  system  is 
summarized  in  this  paper.  It  outlines  some  issues  and  approaches  to  establish  this  system. 
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Abstract 


Different  material  systems,  TrueForm  and  TrueForm/SiOa  composites,  were  sintered  under 
similar  conditions.  A  microscope  equipped  with  a  CCD  camera  was  utilized  to  examine  the 
material  movement  near  the  laser  beam.  Powder  movement  of  the  blends  was  found  to  start  at 
different  ranges  ahead  of  the  line  of  scan.  For  TrueForm,  the  polymer  particles  were  found  to 
undergo  fusion  ahead  of  the  laser  beam  and  form  a  band,  0.5-0.7mm  wide,  which  then  moved  as 
a  single  block  towards  the  sintered  area.  The  dry  mixed  TrueForm/Si02  composites  (dry  blends) 
exhibited  a  short-range  material  movement  in  the  form  of  small  agglomerates.  Meanwhile,  the 
TrueForm/Si02  composite  powder  prepared  by  melt  extrusion  (melt  blend)  showed  a  range  of 
material  movement  between  those  of  TrueForm  and  the  dry  blends.  The  discrepancy  is  believed 
to  arise  from  changes  in  heat  transfer  properties  and  fusion  behavior  after  blending.  The  surface 
temperature  of  the  powder  bed  was  monitored  during  sintering.  Generally,  the  dry  blends 
exhibited  a  higher  surface  temperature.  Apparently,  both  the  particle  size  of  Si02  and  the 
blending  method  had  an  effect  on  the  temperature  and  material  movement,  and  hence  on  the  final 
morphology  of  the  sintered  components. 


Keywords:  Selective  laser  sintering;  TrueForm/Si02;  material  movement. 


1.  Introduction 

During  the  SLS  process,  the  polymer  powder  melts  and  shrinks  under  the  influence  of  the 
laser  beam.  This  causes  movement  of  the  powder  just  ahead  of  the  line  of  scan.  The  extent  of 
material  movement  will  affect  the  morphology  as  well  as  the  dimensional  accuracy  of  the 
component.  Basically,  the  dimensional  accuracy  is  dependent  upon  three  factors:  (1)  design  of 
software  such  as  the  CAD  model  and  slicing  algorithm,  (2)  resolution  of  the  sintering  facility  and 
(3)  material  formulation.  Different  methods  have  been  suggested  and  used  to  reduce  problems 
associated  with  shrinkage  and  to  improve  surface  finish.  Most  of  these  methods  are  processing 
parameter  based,  such  as  thermal  control  via  control  of  the  laser  scan'^'^;  calibration  of  shrinkage 
and  beam  offset^^^  and  post-process  to  improve  the  surface  finish.  Another  approach  is  through 
improved  material  formulation,  for  example,  glass  microspheres  filled  composites.^"^^  However, 
much  has  yet  to  be  learnt  about  the  actual  influence  of  a  solid  additive  on  heat  transfer  properties 
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and  fusion  behavior  of  the  powder  bed.  In  this  paper,  TrueForm  was  blended  with  Si02  of 
different  particle  sizes  by  either  dry  mixing  or  melt  blending.  The  composite  powders  were  then 
sintered  under  similar  conditions.  The  movement  of  the  powder  materials  during  the  sintering 
process  was  investigated  in  situ  by  a  microscope  setup.  The  surface  temperature  of  the  powder 
bed  was  monitored  by  a  non-contact  infrared  thermometer.  The  results  provided  some  useful 
information  about  the  influence  of  the  additive  and  of  the  blending  methods. 


2.  Experimental 

2.1  Materials  and  blending  processes 

TmeForm,  supplied  by  DTM,  was  used  as  the  base  polymer,  figure  la.  It  is  acrylic  based 
and  has  a  Tg  of  69°C.  The  Si02  powder  was  supplied  by  Fisher  Scientific,  figure  lb.  Its  original 
mean  particle  size  is  approximately  32p,m.  Depending  on  blending  requirements,  some  Si02 
powder  was  ball  milled  and  treated  with  silane  to  improve  the  adhesion  with  the  polymer.  The 
silane  coupling  agent  used  was  Dow  Coming  z-6040.  All  TrueForm/Si02  blends  used  in  this 
study  had  a  Si02  volume  fraction  of  30%  and  their  details  are  shown  in  Table  1.  For  the  melt 
blend,  the  extmsion  process  was  carried  out  using  a  Prism  TSE  16TC  co-rotating  twin  screw 
extruder.  The  extmdate  was  first  pelletised  and  then  ground  into  a  powder  using  a  Philips 
blender.  The  powder  was  sieved  to  eliminate  particles  larger  than  250|xm. 


Table  1 .  Details  of  powders  used  in  the  sintering  process 


Blend  Type 

Mean  Si02 
particle  size  (fxm) 

Silane 

treatment 

Blending  method 

Powder  density 
Solid  density 

TmeForm  (TF) 

0.48 

Dry  Blend  I  (DBI) 

32  (as  received) 

No 

Dry  mixing 

0.47 

Dry  Blend  II  (DBII) 

<10  (ground) 

No 

Dry  mixing 

0.46 

Yes 

Yes 

Melt  blending 

2.2  Sintering  process 

Sintering  was  carried  out  on  a  M25e  Universal  Laser  Engraving  Machine,  which  is 
equipped  with  a  25  watt  CO2  laser.  The  laser  beam  has  a  spot  size  of  0.32mm  at  focus  and  it  is 
driven  by  a  x-y  table  mechanism.  The  laser  power  (P)  was  set  at  30%  and  the  beam  speed  (BS)  at 
50%,  equivalent  to  500mm/s.  The  distance  between  adjacent  parallel  scans  was  0.0508mm. 
Sintering  was  performed  in  air  and  at  room  temperature. 
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(c)  Si02  powder  (ground) 


(d)  TrueForm/SiO?  fdrv  blend  D 


(e)  TrueFomi/Si02  (dry  blend  II)  (f)  TrueFomi/Si02  (melt  blend) 

Figure  1.  SEM  micrographs  of  (a)  TmeForm  powder;  (b)  as  received  Si02  powder;  (c)  ground 
Si02  powder  and  (d-f)  TrueForm/Si02  blends. 
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2.3  In  situ  microscopy  and  surface  temperature  measurement 

In  situ  observation  of  material  movement  during  sintering  was  conducted  using  a 
mieroscope  setup  as  shown  in  figure  2.  The  surface  temperature  at  a  point  (diameter  3mm) 
within  the  scan  area  was  monitored  during  the  sintering  process  by  a  Mikron  M67s  non-contact 
infrared  thermometer.  The  details  of  the  thermometer  setup  has  been  reported  earlier.^^^ 


Laser  beam 


Scan  area 


Powder  bed 


Sony  CCD-IRIS 
camera 


Video  recorder 

Figure  2.  Microscope  setup  for  in  situ  observation  of  material  movement  during  sintering  process 

3.  Results  and  Discussion 
Material  movement 

Figure  3  shows  the  material  movement  of  the  blends  ahead  of  the  line  of  scan  during  the 
sintering  process.  For  pure  TrueForm,  the  polymer  particles  adhered  together  and  moved  as  a 
single  block  towards  the  sintered  area  as  a  result  of  material  shrinkage.  The  width  of  the  block  or 
band  was  about  0.5  to  0.7  mm  and  its  formation  was  likely  due  to  slight  fusion  of  the  polymer 
powder  in  the  laser  affeeted  zone.  The  band  collapsed  and  densified  under  the  influenee  of  the 
advancing  laser  beam.  The  leftover  powder  front  remained  more  or  less  stable  for  a  number  of 
seans  until  the  laser  beam  had  advanced  and  made  contact  with  it.  Then,  another  powder  band 
would  form  shortly  afterward  and  break  away  from  the  unsintered  region  of  the  powder  bed.  For 
DBI,  no  powder  band  formation  was  observed.  Only  agglomerates  were  formed  slightly  ahead  of 
the  line  of  scan  and  moved  towards  the  sintered  area.  DBIl  and  DBIII  showed  very  limited  range 
of  powder  movement  next  to  the  line  of  scan.  One  possible  explanation  is  that  the  polymer 
particles  in  DBII  and  DBIII  are  fiilly  surrounded  by  fine  SiC)2  powder,  figure  le,  and  fusion 
between  the  polymer  particles  under  moderate  heat  is  unlikely.  Therefore,  there  is  no  bonding 
between  the  material  at  a  distance  from  the  laser  beam  and  the  shrinking  material  at  the  line  of 
scan.  For  MB,  the  range  of  material  movement  lay  between  those  of  TrueForm  and  the  dry 
blends.  No  distinctive  band  structure  was  seen  and  the  material  also  moved  as  agglomerates. 
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At  time(s 


At  time(s' 


Figure  3.  In  situ  observation  of  matenal  movement  during  sintering  process.  There  are 
about  10  parallel  scans  within  2  seconds,  the  dotted  line  in  each  figure  roughly  indicates  the 
line  of  scan. 


TrueForm  At  time(s)  =  t 


At  time(s)  ~  t+1 


=  t+2 


At  time(s)  =  t 


At  timc(s)  =  t+2 


It  is  believed  that  the  different  material  movement  characteristics  were  due  to  changes  in 
heat  transfer  properties  and  fusion  behavior  after  blending.  In  dry  blends  DBII  and  DBIIl, 
agglomeration  of  SiO  2  powder  was  found  and  this  would  affect  the  packing  characteristics  of  the 
powder  bed.^^^  Also,  the  presence  of  a  large  number  of  very  fine  SiO 2  particles  was  likely  to 
obstruct  contact  between  the  polymer  particles.  Meanwhile,  the  polymer  particles  were  in  close 
contact  in  TrueForm  and  fusion  was  much  easier  in  regions  well  ahead  of  the  laser  beam  where 
the  temperature  was  moderate.  Also,  smoke  and  sparks  were  observed  during  sintering  of  the  dry 
blends.  These  were  signs  of  excessively  high  temperature. 

The  surface  morphologies  of  the  sintered  specimens  are  shown  in  figure  4.  The  pure 
TrueForm  specimen,  figure  4a,  gives  a  smooth  and  fiilly  dense  structure.  This  indicates  that  the 
molten  polymer  flowed  easily  under  the  sintering  condition.  Among  the  dry  blends,  figure  4b-d, 
DBI  exhibits  a  higher  degree  of  fusion  than  that  of  DBII  and  DBIII.  The  latter  two  samples  had  a 
larger  number  of  very  fine  SiO  2  particles,  which  would  obstruct  contact  and  hence  fusion 
between  the  polymer  particles.  Nevertheless,  in  areas  of  high  polymer  concentration,  significant 
flow  of  polymer  material  is  apparent,  giving  rise  to  some  well-fused  patches.  In  contrast,  the  melt 
blend  only  exhibits  a  limited  flow  of  material  and  the  structure  remains  highly  porous.  This  is 
probably  due  to  the  fact  that  the  embedded  SiO  2  particles  in  the  composite  powder  has 
significantly  increased  the  viscosity  of  the  material.  Furthermore,  the  strength  of  DBII  was  the 
lowest  among  the  blends  and  it  tended  to  fall  apart  very  easily  after  sintering.  The  phenomenon 
can  be  attributed  to  the  weak  boundaries  between  bare  SiO  2  particles. 

The  surface  temperature  variation  of  a  particular  area,  3  mm  in  diameter,  of  the  powder 
bed  was  monitored  with  respect  to  its  distance  from  the  line  of  scan.  The  temperature 
measurement  results  are  shown  in  figure  5a-c,  whilst,  the  schematic  representation  of  the  relative 
distance  between  the  monitored  area  and  the  line  of  scan  is  shown  in  figure  5d.  The  hidden  lines 
on  each  graph  represent  the  boundaries  of  the  focused  area  by  the  infrared  thermometer.  The 
distance  between  the  hidden  lines  is  3  mm  because  the  diameter  of  the  focused  area  was  3mm 
during  the  experiment.  When  the  laser  beam  hits  the  left  boundary,  the  distance  is  designated  as 
0  mm.  When  the  laser  leaves  the  monitored  area  from  the  right  boundary,  the  distance  is  3  mm. 
From  figure  5a,  SiO  2  shows  the  highest  temperature  profile.  However,  it  is  not  certain  whether  it 
really  reflects  the  true  surface  temperature  of  the  powder  bed  or  it  is  partially  due  to  the  highly 
reflective  nature  of  the  SiO  2  particles.  Among  the  blends  (i.e.  TF,  DBII  and  MD),  DBII  generally 
gives  a  higher  temperature.  This  is  in  agreement  with  the  fact  that  smoke  and  flashes  were  seen 
during  sintering  of  the  dry  blends.  It  is  noteworthy  from  figure  5b  that  particle  size  of  the  SiO  2 
powder  also  affects  the  temperature,  the  smaller  the  particle  size,  the  higher  the  temperature. 
Again,  it  is  not  known  if  the  increased  total  surface  area  of  the  ground  SiO  2  powder  has  a  role  to 
play  and  further  investigation  is  underway. 
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(a)  TF,  DBII,  MB  and  Si02  (b)  DBI,  DBII  and  DBIII 


-ID  0  5  10 

Dbiaaa  (asa] 

(c)  TrueForm  sintered  at  P=30%  (TF  SOP); 
TruForm  pre-sintered  at  P=8%  then  at 
P=30%(TF  8p  30p  ) 


0  mm  3  mm 


(d)  Schematic  representation  of  the  relative 
distance  between  the  line  of  scan  and 
area  monitored  by  the  non-contact 
infrared  thermometer 


Figure  5.  Surface  temperature  variation  of  different  powder  systems  during  laser  sintering  at 
laser  powder  P=30%  and  beam  speed  BS=50%. 


Furthermore,  a  large  fluctuation  is  found  in  the  temperature  profile  of  Truefrom,  figure 
5a,  despite  the  fact  that  its  temperature  profile  is  not  the  highest  among  the  materials  tested.  It 
was  suspected  that  the  large-scale  powder  movement  of  Truefrom  during  the  laser  sintering 
process  might  affect  the  temperature  profile.  In  order  to  verify  the  hypothesis,  a  two-step 
sintering  process  was  carried  out.  First,  the  powder  bed  was  sintered  at  a  very  low  power  P=8% 
to  slightly  bond  the  polymer  particles  together  without  changing  the  surface  morphology  of  the 
powder  bed  significantly.  This  would  eliminate  the  large-scale  powder  movement  during  the 
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second  sintering  process  at  P=30%.  The  temperature  profile  for  the  second  sintering  process  was 
recorded  and  shown  in  figure  5c  together  with  that  extracted  firom  figure  5a.  It  is  clear  that 
material  movement  during  the  sintering  process  does  affect  the  temperature  measurement  result 
from  the  non-contact  infrared  thermometer.  This  is  probably  due  to  the  fact  that  when  the  powder 
band  is  tilted  at  a  certain  angle,  direct  reflection  of  laser  beam  to  the  infrared  thermometer  is 
possible  and  this  will  greatly  increase  the  reading.  The  temperature  profiles  of  the  other  blends 
did  not  show  such  a  large  temperature  fluctuation  because  the  scale  of  the  powder  movement 
was  not  so  large. 

4.  Conclusions 

This  study  has  shown  that  material  movement  at  and  near  the  fusion  zone  during  selective 
laser  sintering  affects  the  morphology  and  properties  of  the  sintered  product.  Adding  a  solid 
additive  such  as  Si02  powder  will  obstruct  contact  between  the  polymer  particles  and  hence 
change  the  material  movement  characteristics.  For  a  given  volume  fraction  of  the  additive,  a 
smaller  particle  size  of  the  additive  would  obstruct  fusion  of  molten  polymer  particles  more 
significantly  and  result  in  a  weak  component.  The  blending  method  also  plays  an  important  role 
in  the  properties  of  the  composite  powder.  Although  melt  blending  enhances  polymer/polymer 
contact  between  the  composite  particles,  the  embedded  SiOa  powder  increases  the  viscosity  of 
the  material  and  hence  adversely  affects  the  densification  of  the  powder  bed.  Also,  degradation 
becomes  more  apparent,  especially  in  the  dry  blends.  -  , 
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Abstract 

We  present  a  concept  for  creating  patterned  beds  of  multi-material  powder  particles  using 
an  array  of  small-scale  hoppers.  Using  this  technique,  we  propose  that  to  place  fine  particles  of 
multiple  fluidized  powders  discretely  in  a  thin  layer  as  opposed  to  depositing  an  entire  powder 
layer  of  uniform  composition  using  a  roller  device  or  doctor  blade.  Processing  and  consolidation 
of  multiple,  patterned  powders  can  enable  fabrication  of  composite  objects  with  spatially  varying 
structural  and  multifunctional  characteristics.  Although  theory  on  the  design  of  small-scale 
hoppers  is  lacking,  our  design  for  a  hopper,  its  valving,  and  its  particle  delivery  system  are 
guided  by  background  theory  for  large  hoppers.  A  hopper  array  configuration  is  proposed,  and  a 
calculation  for  deposition  time  is  presented.  Delivery  of  powder  was  achieved  on  a  prototype 
hopper.  Experimentally  measured  mass  flow  rates  were  used  to  justify  the  use  of  this  hopper  with 
SLS  and  to  guide  further  design  improvements. 

INTRODUCTION 

The  variety  of  applications  for  multi-material  composite  structures  is  both  well 
established  and  growing  rapidly.  However,  a  present  obstacle  to  continued  growth  lies  in  the 
approaches  to  manufacturing  these  types  of  artifacts.  The  development  of  new  approaches  for 
fabricating  multi-material  components  is  in  part  dependent  upon  developing  SFF  techniques 
capable  of  depositing  and  consolidating  multiple  materials.  In  particular,  the  selective  laser 
sintering  (SLS)  process  is  well  suited  to  this  challenge.  A  means  of  incorporating  the  delivery  of 
multiple  powders  in  SLS  may  enable  the  production  of  complex,  multi-functional  and  intelligent 
components. 


Figure  1.  (a)  Navajo  sand  painting.  The  Arizona  State  Museum,  University  of  Arizona  and  (b) 
Conceptual  design  of  a  multiple  material,  patterned,  powder  layer  for  building  multifunctional 
components  by  SLS. 
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The  concept  of  2-D  deposition  for  multiple  powders  is  by  no  means  a  new  idea.  In  fact 
the  greatest  model  for  this  idea  is  based  on  the  art  form  of  sand  painting  as  shown  in  Figure  la 
and  first  described  in  the  context  of  SFF  by  Pegna  et  al  [7],  The  Navajo  and  Tibetan  monks  of 
earlier  centuries  have  shown  that  detailed  patterning  of  fine  powders  can  be  achieved  manually. 
These  artists  typically  spent  several  weeks  working  patiently  on  a  single-layer  design.  However, 
the  challenge  from  a  layered  manufacturing  perspective  is  in  successively  depositing  thin  layers 
of  multiple  powders  quickly  and  with  high  placement  accuracy.  By  allowing  the  consolidation  of 
multi-materials  as  shown  in  Figure  lb,  SLS  has  the  potential  to  launch  a  new  manufacturing 
paradigm  that  enables  fabrication  of  complex,  multifunctional,  intelligent  components  that 
cannot  be  fabricated  by  existing  methods.  The  following  sections  provide  background  on  the  use 
of  hoppers  with  fine  powders,  the  theory  guiding  the  design  of  a  single  hopper  and  standpipe  to 
an  array  of  these  devices,  and  results  of  preliminary  experiments  conducted  on  a  prototype 
hopper  design. 

BACKGROUND 

In  current  selective  laser  sintering  machines,  powder  is  leveled  over  the  part-build  area  by 
a  counter-rotating  roller  mechanism  or  a  doctor  blade.  A  bed  of  powder  may  be  quickly  rolled 
over  the  build  area  in  layers  of  consistent  thickness.  Currently  the  SLS  process  is  limited  to 
fabricating  components  of  only  a  single  composition.  However,  SLS  is  capable  of 
simultaneously  sintering  a  variety  of  powdered  materials  (metals,  ceramics,  polymers).  This 
makes  depositing  and  processing  two  or  more  different  powdered  materials  side-by-side  on  the 
bed  feasible.  With  this  in  mind,  the  development  of  hoppers  for  delivering  dots,  sharp  lines  and 
prescribed  patterns  of  powder  is  desirable  for  use  in  the  SLS  process.  In  fact,  those  who  practiced 
the  art  of  sand  painting  used  a  tool  that  is  essentially  a  hopper  releasing  powder  to  a  surface  by 
vibration.  A  multi-powder  deposition  device  for  adaptation  to  SLS  should  have  more  stringent 
requirements.  For  the  design  of  our  hopper,  a  number  of  design  specifications  were  established. 
According  to  these  specifications,  the  device  should  be  able  to: 

1.  Deposit  arbitrary  patterns  of  multiple  powder  material  (i.e.  points,  lines,  regions)  for 
particles  with  diameters  ranging  from  0.1  to  100  pm. 

2.  Achieve  a  minimum  in-plane  feature  size  of  100  pm. 

3.  Achieve  layer  thickness  ranging  from  25  to  250  pm. 

4.  Regulate  hopper  mass  flow  rate,  start  and  stop  flow  with  minimal  time  delay. 

5.  Handle  multiple  materials  with  real  time  composition  control. 

In  an  attempt  to  meet  some  of  these  goals,  the  background  research  focuses  on  3  areas:  the 
relevant  properties  of  powder  particles,  the  design  of  hoppers,  and,  flow  control  and  valving 
techniques. 

Relevant  Powder  Properties 

The  characteristics  of  powdered  material  that  must  be  considered  are  the  size,  shape 
(sphericity),  cohesion  properties,  bulk  density,  and  porosity  (voidage).  These  are  most  critical  to 
understanding  the  bulk  flow  of  the  solid  material,  from  how  it  is  packed  to  how  it  is  transported 
(Shamlou  [8],  Woodcock  and  Mason  [11]).  Cohesive  properties  can  be  described  as  the  ability 
of  the  bulk  material  to  freely  flow  based  on  inter-particle  forces  (Jenike  [3]).  One  of  several 
methods  to  measure  cohesion  property  that  is  of  special  concern  to  SLS  is  the  angle  of  repose 
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(a.k.a.  angle  of  internal  friction)  of  a  deposited  powder.  This  is  useful  for  understanding  the 
ability  of  a  poured  powder  to  remain  in  a  stable  pile  (Stepanoff  [10])  i.e.  when  the  deposited 
lines  are  settling  on  the  substrate. 

For  applications  over  a  wide  variety  of  materials,  it  is  important  to  have  a  practical 
method  for  classifying  powders  without  depending  on  extensive  experiments.  The  Geldart 
classification  [2]  is  an  appropriate  and  well-used  system  for  grouping  powders  by  their  ability  to 
fluidize.  Fluidization  is  the  ability  of  a  uniform  bed  of  particles  to  expand  when  an  upward 
stream  of  gases  is  distributed  from  beneath.  A  bulk  material  that  is  well  fluidized  will  have  an 
expanded  volume,  where  particles  seem  to  be  floating  in  the  fluid  stream,  separate  from  other 
powder  particles.  This  is  advantageous  because  of  reduced  inter-particle  friction  and  ability  to 
circulate  powders  within  the  bed. 

SLS  applications  require  fine  powder  particle  diameter  between  0.1  pm  to  100  pm,  and 
the  bulk  material  is  largely  considered  non-cohesive  (fair  to  free-flowing  in  nature).  These  types 
of  powders  would  typically  fall  into  the  Geldart  A  classification  [2].  An  attempt  to  fluidize  such 
powders  relies  upon  the  knowledge  of  minimum  fluidization  velocity.  This  is  the  velocity  of 
introduced  gas  at  which  incipient  fluidization  occurs  in  the  powder  bed  or  chamber.  There  are 
many  approaches  to  gaining  values  for  minimum  fluidization  velocity,  but  equation  (1)  is  the 
rule  of  thumb  for  particles  in  air  (Woodcock  and  Mason  [11]). 

(1) 

where  Umf  =  minimum  fluidization  velocity  (m/s) 

Pb=  bulk  density  of  the  powder  (g/m^) 

dv  =  mean  particle  diameter  based  on  volume  (m) 

and  420  is  an  empirical  value  for  particles  in  air  (m^/g-s). 

Hopper  Design 

A  hopper  can  be  described  as  the  lower  converging  section  of  any  vertical  bin  for 
discharging  bulk  materials.  Hoppers  can  have  conical,  wedge-shaped,  or  even  asymmetrical 
designs.  Hoppers  can  also  have  circular,  square,  or  rectangular  orifices;  Evidently,  the  geometry 
of  a  hopper  design  is  essential  in  achieving  desired  flow  properties  of  the  discharged  material. 
The  delivery  of  particles  may  happen  under  core  flow  (first  in-last  out)  or  the  more  desirable 
mass  flow  (first  in-first  out).  For  the  design  of  a  conical  hopper,  the  hopper  half-angle,  a,  and  the 
orifice  diameter.  Do  are  the  most  important  dimensions  to  be  considered  in  preventing  arching 
(bridging  of  particles  that  blocks  flow)  and  rat-holing  (an  empty  tunnel  over  the  orifice  due  to 
core-flow).  Jing  and  Li  [5]  provide  useful  information  on  hoppers  for  fine  powders,  stating  an 
effective  hopper  half-angle  of  10.2°  or  less  for  maintaining  mass  flow. 

One  of  the  most  frequently  used  theories  on  flow  from  hoppers  is  W.  A.  Beverloo’s 
modified  correlation  [1]  for  mass  flow  rate  in  conical  hoppers.  While  there  are  other  similar 
theories  for  mass  flow  rate,  e.g.  the  hourglass  theory,  these  do  not  take  into  account  the  effects  of 
particle  diameter.  The  modified  Beverloo  correlation  is 
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Gs  =Cp.\g  + 


(2) 


5/2 


where  Gs= 
C  = 


Pb- 
g  = 
Do= 
k  = 
dp  = 


mass  flow  rate  of  particles  (g/s) 

empirical  constant  (usually  .58)  dependent  on  hopper  angle  and 

angle  of  internal  friction 

bulk  density  of  the  powder  (g/m^) 

gravitational  constant  of  acceleration  (9.8m/s^) 

hopper  orifice  diameter  (m) 

empirical  constant  for  particle  shape  (1.6  for  spherical  particles) 
mean  particle  diameter  (m). 


The  term  1/pB  (dp/dz)o  is  a  modification  of  the  gravitational  acceleration  term  to  include 
the  interstitial  pressure  gradient.  Beverloo’s  correlation  states  that  as  particle  size  decreases, 
there  is  an  increase  in  the  mass  flow  rate.  Empirical  results  agree  for  particle  sizes  down  to 
500pm,  where  actual  mass  flow  rate  takes  on  much  lower  values  than  predicted. 


An  article  by  Spink  and  Nedderman  [9]  presents  an  experimental  and  theoretical  study  on 
the  rate  of  discharge  of  fine  particles  (diameters  between  50  pm  and  500  pm)  under  gravity  in  air 
from  a  hopper.  These  size  particles  are  small  enough  to  be  retarded  by  air  resistance  when 
passing  through  the  hopper  orifice,  but  not  too  small  so  as  to  be  subject  to  cohesive  effects.  In 
this  work,  it  is  believed  that  the  air  pressure  gradient  opposed  to  the  downward  flow  reduces  the 
flow  rate  of  the  particles  under  500  pm,  and  it  is  also  presumed  that  change  in  voidage  as  the 
hopper  converges  has  a  slowing  effect  as  well.  The  work  by  Spink  and  Nedderman  used  first 
principles  (stress  equations  for  different  regions  in  the  hopper)  to  come  up  with  a  theoretical 
model.  They  experimentally  measured  the  voidage  and  interstitial  fluid  pressure  distribution  with 
external  probes  around  the  hopper  and  used  these  to  account  for  the  drop.  The  result  was  a 
downward  sloping  set  of  data  points  for  the  mass  flow  rate  of  particles  having  less  than  500  pm 
diameter  (always  higher  than  actual,  but  generally  following  the  reducing  trend).  This  is  a  good 
basis  for  the  kind  of  experimentation  needed  to  understand  the  behavior  (voidage  changes  and 
pressure  distribution)  in  much  smaller  hoppers.  Our  challenge  in  designing  a  micro-hopper  based 
powder  deposition  system  for  SLS  will  be  to  adapt  these  types  of  experiments  to  small  scale 
hoppers. 

At  the  present,  most  theoretical  predictions  relate  to  large,  coarse  particles  on  the  order  of 
500  pm  diameter  that  are  cohesionless  and  insensitive  to  drag.  Beverloo’s  equation  is  known  to 
be  inaccurate  for  particles  under  500  pm  diameter.  Most  hopper  theory  is  valid  for  large-scale 
bulk  materials  handling  only.  However,  the  existing  theory  provides  a  useful  basis  on  which 
empirical  models,  and  eventually  a  working  theory  for  powders  under  500pm  and  orifices  around 
100pm  can  be  developed. 


Flow  Control  and  Valving 

There  are  a  number  of  techniques  to  starting/stopping  flow,  from  the  use  of  physical 
barriers  such  as  gate  valves,  to  fitting  a  hopper  with  flow  aids  like  vibrating  plates.  Considering 
the  small  particle  and  hopper  sizes  we  are  compelled  to  modify  or  combine  existing  techniques 
for  application  to  an  array  of  hoppers. 
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Pegna  et  al  [7]  conducted  an  experiment  using  a  non-mechanical  L-valve  [6],  where 
powders  come  to  rest  in  the  elbow  portion  due  to  their  angle  of  repose.  Flow  was  started  by 
introducing  air  from  an  aeration  point.  The  flow  rate  was  proven  to  be  unstable  considering  the 
size  of  the  particles.  However,  this  design  did  not  feature  a  hopper,  and  the  orifice  was  simply 
the  end  of  the  downcomer.  The  concept  of  a  hopper  valve  for  Geldart  A  powders  is  presented  in 
an  article  by  Jing  and  Li  [4].  In  this  setup,  the  flow  regime  and  flow  stopping  are  controlled  by 
maintaining  a  negative  pressure  gradient  from  the  hopper  orifice  to  the  standpipe.  It  is  our  belief 
that  combining  the  design  of  a  standpipe  with  L-valve  and  hopper  dimensions  according  to  the 
Jing  and  Li  criteria  can  be  a  strong  combination  for  use  with  a  greater  variety  of  powders. 

EXPERIMENTS 

Figure  2  shows  our  prototype  hopper  design.  Some  of  the  features 
include: 

1.  A  60mm  I.D.  glass  Buchner  funnel  and  coarse  fritted  glass  disk  used 
as  a  chamber  for  fluidizing  particles  and  delivering  them  to  the 
standpipe. 

2.  Two  angled  aeration  points  at  the  base  of  the  funnel  to  fluidize  the 
powder  above  the  fritted  glass  disk.  Fluidized  powder  travels  down 
the  standpipe  originating  at  a  hole  in  the  fritted  disk. 

3.  Adjustable  tube  lengths  for  the  glass  standpipe  and  elbow  in  10  mm 
increments.  Glass  pieces  are  joined  using  photosensitive  UV  curing 
resin.  The  prototype  shown  has  a  150mm  long  standpipe  and  40mm 
long  elbow,  both  4mm  I.D. 

4.  An  L-valve  aeration  point  angled  at  45°  to  the  elbow.  The  position 
of  the  aeration  point  can  also  be  varied  along  the  standpipe  with  the 
use  of  adjustable  tube  lengths. 

5.  Bio  Plas,  Inc.  pipette  tips  used  as  micro-hoppers,  which  feature  a 
half  angle  <  10.2°  and  5mm  orifice  that  can  also  be  trimmed  for 
larger  diameters  (.75  and  1mm). 

6.  100  pm  glass  beads  used  for  powder  for  initial  testing  (bulk  density 
2480000g/m^),120  grit  sandpaper  used  as  the  substrate  (depositing 
surface). 

Figure  2.  Prototype  micro-hopper 

RESULTS 

Ten  trial  runs  for  mass  flow  rate  were  conducted  on  the  prototype  hopper  under  both 
gravity  flow  and  air  assisted  flow  for  orifice  diameters  of  0.5,  0.75,  and  1  mm.  Our  preliminary 
trials  show  that  the  standpipe  with  L-valve  design  is  fully  capable  of  stopping  the  flow  of 
powders.  The  powder  will  come  to  rest  at  the  angle  of  repose  (approximately  23°)  when  the 
elbow  portion  of  the  L-valve  remains  horizontal.  Particles  just  over  the  nozzle  will  continue  to 
flow  through  until  this  portion  is  emptied.  Air  introduced  from  the  aeration  point  prefers  to 
fluidize  the  column  of  particles  in  the  standpipe  rather  than  push  particles  over  the  elbow. 
Although  a  higher  flow  of  air  will  move  the  powder  through  the  elbow,  we  avoid  interfering  with 
flow  settings  that  may  make  the  powders  in  the  standpipe  entrain  (bubble  out).  To  restart  flow, 
we  preferred  to  slightly  tip  the  L-valve  down  -  a  technique  that  may  possibly  be  incorporated 
into  later  designs. 
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Nozzle 

diameter(mm) 

Gravity  flow  or 
Air  assisted 

Average  mass 
flow  rate  (g/s) 

Volume  delivered 
per  second  (m^/s) 

Time  to  draw 
a  250  pm  high, 

6in.(.  1524m)  line 

0.5 

G 

0.0283 

1.9X10'** 

0.79  seconds 

0.5 

A 

0.045 

0.50  seconds 

G 

0.0316 

0.71  seconds 

A 

0.0616 

HKlBEiHlii 

0.37  seconds 

1.0 

G 

0.0717 

4.81X10'** 

0.32  seconds 

1.0 

A 

0.1 

6.7X10'*^ 

0.22  seconds 

Table  1.  Results  from  prototype  hopper  tests  for  100  pm  glass  beads  (bulk  density  2480  kg/m  ). 


Our  mass  flow  rate  results  in  the  third  column  of  Table  1  show  that  flow  rates  of  a  single 
powder  increase  with  larger  orifice  diameters.  Trials  with  air  entry  from  the  aeration  point  were 
conducted  at  the  velocity  just  below  where  entrainment  in  the  standpipe  was  observed.  It  is 
believed  that  the  position  of  the  aeration  point  primarily  allows  the  standpipe’s  particles  to  be 
fluidized,  while  slightly  counteracting  the  pressure  gradient  at  the  nozzle  and  increasing  the  flow 
rate.  Flow  rate  for  all  diameters  were  improved  by  approximately  0.025g/sec  with  air.  Further 
experiments  may  reveal  whether  there  is  proportional  relationship  between  air-assisted  flow  and 
orifice  diameter. 


Array  Theory 

Using  basic  information  such  as  mass  flow  rate,  it  is  possible  to  calculate  the  deposition 
times  of  our  prototype  hopper  design  its  suitability  for  use  with  SLS.  To  compete  with  the  speed 
of  current  roller  mechanisms  for  laying  powder  on  a  bed,  a  successful  design  should  be  able  to 
deposit  a  complete  layer  in  a  matter  of  seconds.  The  following  assumptions  characterize  the 
ability  of  our  prototype  hopper  (and  eventually  a  hopper  array)  to  achieve  deposition  times 
appropriate  for  SLS: 


Assume  that  the  volume  of  material  deposited  per  second  in  mvs  is: 


V  = 


(3) 


Pb(\-£) 

mass  flow  rate  of  particles  (g/s) 
bulk  density  of  the  powder  (g/m^) 

voidage  of  powder  particles,  assumed  to  be  0.4,  based  on  60% 
packing  density 

Also  assume  that  a  stationary  orifice  is  capable  of  depositing  a  disk  of  material  with  the 


where  Gs  = 

pB  = 
8  = 


same  diameter  as  the  orifice.  Therefore,  the  volume  of  the  disk  (m  )  to  be  filled  is: 


V  = 


nDl 


•  h 


(4) 


where  Do  =  hopper  orifice  diameter  (m) 

h  =  desired  height  of  a  disk  of  material  (m) 

Therefore  the  time  (s)  to  deposit  a  single  disk  of  material  with  height  h  is: 
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(5) 


V  _  7tDlhps{\-e) 

4G 

Y 

A  series  of  these  deposited  disks  laid  side-by-side  can  be  thought  of  as  collectively 
forming  a  line.  With  knowledge  of  the  diameter  of  the  disks,  the  number  of  disks  that  compose  a 
line  of  desired  length  is  the  ratio  I/Dq.  The  overall  time,T,  required  to  deposit  a  line  is: 


D. 


4G. 


(6) 


The  last  two  columns  of  Table  1  show  that  the  volumetric  flow  rate  and  the  time  required 
for  drawing  a  0.010  inches  (250  pm)  high,  6  inches  long  line  (an  estimated  minimum  length  for  a 
powder  bed)  would  be  feasible  for  use  with  SLS.  Even  though  delivery  times  for  potentially 
smaller  orifice  diameters  are  above  1  second  for  gravity  flow  or  air-assisted,  an  array  of  nozzles 
that  produces  a  complete  layer  in  a  similar  amount  of  time  will  be  faster  than  current  roller  or 
doctor  blade  techniques.  Shown  in  Figure  3  are  two  array  concepts  to  be  explored  for 
minimizing  delivery  time  to  the  bed. 


Figure  3.  (a)  A  4x5  staggered  array,  and  (b)  A  array  covering  the  entire  bed  length. 


FUTURE  WORK 

There  are  many  challenges  for  future  work  on  a  micro-hopper  array.  It  is  our  aim  to 
determine  experimentally  and  eventually  theoretically  a  prediction  for  mass  flow  rate  in  micro¬ 
hoppers.  Theory  should  apply  to  a  variety  of  powders,  so  a  single  highly  compatible  hopper 


161 


design  and  model  for  fluidization  with  dispensing  adjustments  can  be  achieved.  Visually,  the 
micro-hoppers  are  delivering  powder  with  consistent  flow  rate.  However,  techniques  to  aid  in 
understanding  all  of  the  phenomena,  i.e.,  determining  the  pressure  at  the  aeration  point  and 
minimum  fluidizing  velocity  in  the  particle  delivery  system,  need  to  be  determined. 
Incorporating  an  XYZ  positioning  system  will  yield  valuable  information  on  whether  our  desired 
minimum  feature  size  for  lines  and  patterns  is  feasible.  Once  these  goals  are  achieved,  work  will 
focus  on  the  design  and  control  of  the  array  and  powder  supply  system.  We  look  forward  to 
experiments  on  mixing  and  depositing  powders  in  gradient  fashion  with  the  ability  to  draw  two 
or  more  powders  from  a  reservoir  supply  system 

CONCLUSIONS 

Existing  theory  on  large  hoppers  was  used  to  guide  the  design  of  prototype  micro¬ 
hoppers  for  powder  delivery.  Information  on  relevant  particle  properties  and  flow  control 
techniques  was  noted.  A  prototype  micro-hopper  design  was  completed  and  tested  with  100  pm 
glass  beads  for  both  gravity  flow  and  gas  assisted  flow  conditions.  Mass  flow  rates  were  noted  to 
increase  with  air-assistance,  and  measured  delivery  times  were  found  to  be  appropriate  for  use 
with  SLS. 
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Abstract 

Selective  Area  Laser  Deposition  Vapor  Infiltration  (SALDVI)  is  the  SFF  technique  using 
gas  phase  precursors  to  locally  infiltrate  a  powder  bed  into  a  desired  shape.  Experiments  were 
performed  with  a  CO2  laser  and  the  silicon  carbide  forming  gas  precursor  Si(CH3)4.  This  paper 
will  report  on  the  microstructural  aspects  of  SiC  into  a  variety  of  metal  and  ceramic  powders 
including  Mo,  SiC,  ZrOa,  and  WC. 


Introduction 

SALDVI  is  a  layer-by-layer  approach  to  SFF  in  which  porous  layers  of  loose  powders 
are  densified  by  depositing  solid  material  from  gas  precursors  into  the  pore  spaces  using  laser 
chemical  vapor  infiltration  (CVI)’.  Because  the  CVI  process  can  deposit  a  variety  of  desirable 
materials  in  pure  form,  SALDVI  is  capable  of  building  ceramic  and  composite  net  shapes  and 
shapes  with  functionally  graded  compositions  such  as  embedded  devices^  in  a  single  machine. 

The  nanocrystalline  nature  of  the  solid  material  deposited  from  the  Si(CH3)4  gas  precursor  by 
laser  CVD  on  solid  ceramic  substrates  has  also  been  well  characterized  on  the  micro  and  atomic 
scales^.  SALDVI  using  ceramic  powders  and  the  SiC-forming  gas  Si(CH3)4  has  been  previously 
investigated  for  single  line  bar  geometries  with  single  and  multiple  layers'*.  The  laser  induced 
processing  temperature  distribution,  gas  precursor  pressure,  laser  scanning  speed,  and  the  particle 
size  of  the  starting  powder  were  found  to  affect  the  densification  rate  and  mechanical  properties. 
In  this  paper  we  examine  some  SALDVI  processing  issues  related  to  the  fabrication  of  multiple 
layer  rectangular  geometries. 


Experiment 

The  SALDVI  workstation  consists  of  a  vacuum  chamber,  a  powder  delivery  system,  a  50 
watt  continuous  wave  CO2  (10.6  pm  wavelength)  laser  beam,  an  xy  table  with  scanning  mirrors, 
and  an  optical  pyrometer  temperature  probe.  All  components  are  computer  controlled.  In  these 
experiments  the  surface  temperature  measured  by  the  optical  pyrometer  is  used  in  a  feedback 
loop  to  adjust  the  laser  output  power  as  necessary  to  maintain  a  constant  surface  temperature, 
termed  the  target  temperature,  throughout  the  experiment.  The  target  temperature  in  this  work  is 
1000°C,  the  Si(CH3)4  gas  pressure  is  10  Torr,  and  layer  thickness  is  120  pm.  The  laser  beam 
spot  size  was  nominally  1  mm  in  diameter  and  Gaussian  in  shape.  The  rectangular  sample  has 
dimensions  10  mm  long  by  3  mm  wide  and  is  obtained  by  rastering  the  beam  with  a  scan  spacing 
of  0.75  mm.  Figure  1  shows  two  scan  patterns  used  to  generate  the  rectangular  shape,  one  in 
which  the  major  scan  direction  is  horizontal  (a)  and  one  vertical  (b).  In  order  to  obtain  a  more 
uniform  structure,  the  scan  direction  is  alternated  from  horizontal  to  vertical  on  alternating  layers. 
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Figure  1.  Scan  patterns  for  10  mm  by  3  mm  rectangle  with  0.75  mm  line  spacing  and  (a) 
horizontal  and  (b)  vertical  major  scan  direction. 

Results  and  Discussion 

A.  Effect  of  starting  powder 

Rectangular  samples  containing  at  least  four  layers  were  processed  by  SALDVI  using  SiC, 
Zr02,  Mo,  and  WC  powders  and  1000°C  target  temperature,  10  Torr  Si(CH3)4  gas  pressure,  and 
120  pm  layer  thickness.  Figures  2a-5a  show  the  surface  of  the  samples  just  after  processing,  and 
Figures  2b-5b  show  a  polished  cross-section  through  the  thickness  direction  for  SiC,  Zr02,  Mo, 
and  WC  powders,  respectively.  The  arrows  indicate  the  location  of  each  cross-section. 


Figure  2.  SiC  powder/SiC  matrix  rectangle  with  4  layers  (a)  as-fabricated  and  (b)  cross-section 
across  layers. 


(b)_  >,  ■' 


I  i"1 


Figure  3.  Zr02-Y203  powder/SiC  matrix  rectangle  with  4  layers  (a)  as-fabricated  and  (b)  cross 
section  across  layers. 


Figure  4.  Mo  powder/SiC  matrix  rectangle  with  6  layers  (a)  as-fabricated  and  (b)  cross-section 
across  layers. 


Figure  5.  WC  powder/SiC  matrix  rectangle  with  4  layers  (a)  as-fabricated  and  (b)  cross-section 
across  layers. 


The  SiC  powder/SiC  matrix  and  Zr02  powder/SiC  matrix  samples  show  a  rougher  as- 
fabricated  surface  appearance  than  the  Mo  powder/SiC  matrix  and  WC  powder/SiC  matrix 
samples.  Also  there  are  delaminations  between  adjacent  layers  for  the  SiC  and  Zr02  powder 
samples  while  the  Mo  and  WC  powder  samples  have  continuous  solid  material  with  no 
delaminations  across  the  layers.  The  rough  surface  appearance  shown  by  the  SiC  and  Zr02 
powder  samples  appears  to  be  due  to  a  local  absence  of  powder,  giving  the  surface  a  porous 
appearance.  This  absence  of  solid  material  is  also  observed  in  the  cross-sections  in  the  form  of 
gaps  between  adjacent  laser  scan  lines  in  the  surface  layer.  These  gaps  are  more  pronounced  for 
the  SiC  powder  and  less  so  for  the  Zr02  powder  sample.  The  Mo  and  WC  powder  samples 
show  no  such  gaps  at  the  surface  in  the  cross-sections.  We  know  from  in-situ  observations  of 
the  powder  surface  during  processing  that  each  new  powder  layer  appears  smooth  and 
completely  covers  the  previous  layer  prior  to  laser  heating.  It  is  only  after  laser  heating  that  the 
surface  gaps  appear  in  the  SiC  and  Zr02  powder  samples.  The  reason  for  the  absence  of  powder 
in  the  SiC  and  Zr02  powder  samples  is  likely  due  to  their  lower  density  (3.1  gm/cc  for  SiC  and 
5.7  gm/cc  for  Zr02)  compared  to  Mo  and  WC  (10.2  gm/cc  for  Mo  and  15.8  gm/cc  for  WC).  The 
force  to  displace  the  powder  likely  comes  from  the  gas.  Upon  the  decomposition  of  the  Si(CH3)4 
gas  molecule  in  forming  SiC  at  equilibrium  conditions,  three  methane  molecules  are  released  and 
there  is  a  corresponding  increase  in  local  gas  pressure.  The  local  gas  pressure  can  also  increase 
due  to  the  local  rise  in  temperature.  Assuming  the  pressure  is  trapped  below  the  powder,  it 
provides  sufficient  force  to  overcome  the  weight  of  the  loose  powder  particles  and  even  the 
weight  of  the  infiltrated  layer.  This  could  produce  the  surface  gaps  and  layer  delaminations 
observed  in  the  SiC  and  Zr02  powder  samples.  The  weight  of  the  Mo  and  WC  powder  seems  to 
be  sufficient  to  resist  the  levitating  force  of  the  gas. 

B.  Effect  of  laser  scan  speed 

In  SALDVI  the  amount  of  local  vapor  deposition  and  infiltration  depends  on  the  reactant 
gas  concentration  and  the  temperature  history,  where  the  temperature  history  depends  on  the 
target  temperature  and  the  laser  scan  speed.  It  is  desirable  to  achieve  parts  with  both  a  high 
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infiltration  density  and  a  uniform  structure.  The  Mo  powder/SiC  matrix  sample  in  Figure  4b 
shows  a  non-uniform  structure.  In  addition  to  the  vapor  infiltrated  powder,  each  layer  also 
contains  a  layer  of  pure  vapor  deposited  SiC  at  the  surface  of  each  powder  layer.  Here  the  scan 
speed  is  increased  to  reduce  the  time  at  temperature  and  examine  the  effect  on  reducing  the 
thickness  of  the  purely  vapor  deposited  layer  at  the  surface  of  each  powder  layer.  Figures  6a-e 
show  cross-sections  of  Mo  powder/SiC  matrix  rectangle  samples  with  four  layers  processed  at 
1000°C  target  temperature,  10  Torr  Si(CH3)4  gas  pressure,  120  ^im  layer  thickness,  and  with  scan 
speeds  of  2.5,  3.8,  5.0, 7.5,  and  10  fxm/s,  respectively.  As  the  scan  speed  increases,  the  thickness 
of  this  vapor  deposited  layer  decreases,  from  about  75  ^im  thick  for  a  scan  speed  of  2.5  p.m/s  to 
about  10  pm  thick  for  a  scan  speed  of  10  pm/s.  However,  at  some  point  decreasing  the  heating 
time  will  also  cause  the  density  in  the  infiltrated  powder  to  start  to  decrease.  The  infiltration 
density  begins  to  decrease  when  the  scan  speed  increases  to  10  pm/s.  So  there  is  a  compromise 
between  obtaining  parts  with  high  infiltration  density  and  uniform  distribution  of  vapor 
infiltrated  powder. 
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Figure  6.  Mo  powder/SiC  matrix  rectangles  with  4  layers. 

Conclusions 

The  type  of  powder  was  found  to  affect  the  surface  appearance  and  internal  structure  of 
SiC  matrix  multiple  layer  SALDVI  rectangles.  Samples  with  SiC  and  Zr02  powder  show  a 
porous  surface  appearance  due  to  displacement  of  the  powder  during  processing.  Mo  and  WC 
powder  samples  have  a  dense  surface  and  continuous  solid  material  across  adjacent  layers.  The 
lower  density  of  the  SiC  and  Zr02  powders  and  convective  effects  in  the  gas  are  the  likely  cause 
of  their  poor  structure. 

The  laser  scan  speed  affects  the  distribution  of  vapor  deposited  SiC  in  Mo  powder/SiC 
matrix  multiple  layer  SALDVI  rectangles.  Higher  scan  speeds  increase  the  uniformity  of  the 
microstructure  of  each  layer  by  reducing  the  amount  of  pure  vapor  deposition  that  occurs  at  the 
surface  of  the  powder  layer.  However,  at  higher  scan  speeds  the  infiltration  density  in  the 
interior  of  the  powder  layer  begins  to  decrease. 
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Introduction 

An  important  approach  to  forming  difficult  and  intricate  ceramic  products  is  the  joining  of 
simple  ceramic  shapes  together  to  build  up  to  the  desired  design  and  hence  the  economic  and 
technological  barriers  in  manufacturing  complex  ceramic  designs  could  be  avoided.  The  traditional 
manner  of  metal  welding  by  melting  the  base  material  is  extremely  difficult  with  the  typical  ceramic 
high  melting  temperature  or  impossible  due  to  thermal  decomposition.  Brazing  of  an  intermediate 
material  to  stick  two  objects  together  at  a  seam  also  has  complications  because  ceramics  are  poorly 
wet  by  most  metals  and  the  resulting  operating  temperature  is  lowered  (1). 

A  new,  promising  manufacturing  path  involves  a  gas-phase  decomposition  approach,  known 
as  Selective  Area  Laser  Deposition  (SALD)  joining.  SALD  is  a  gas-phase  Solid  Free  Form  (SFF) 
process  in  which  a  specific  gas  mixture  decomposes  either  thermally  or  photolytically  from  the 
energy  input  of  a  laser  beam  to  form  a  solid  reaction  product  (1,2, 3,4).  The  chemical  process  is 
similar  to  Chemical  Vapor  Deposition  (CVD)  but  the  product  is  selectively  deposited  locally  under 
the  laser  spot,  which  can  be  scanned,  and  therefore  controlled. 

The  present  paper  focuses  on  deposition  of  silicon  nitride  or  silicon  carbide  filler  materials 
to  spot  join  silicon  nitride  and  silicon  carbide  ceramic  materials.  Chemical  and  structural 
characterization  of  joints  was  performed. 


Experimental 

The  SALD  work-station  consists  of  a  vacuum  chamber,  a  150  watt  continuous  wave 
Nd;YAG  (1.06  micron  wavelength)  laser  beam,  an  xy  table,  scanning  mirrors,  and  an  optical 
pyrometer  temperature  probe.  During  SALD  experiments  the  surface  temperature  was  measured  by 
an  optical  pyrometer  and  was  used  in  a  feedback  loop  to  adjust  the  laser  output  power  to  establish 
the  conditions  to  maintain  a  constant  surface  temperature  throughout  the  experiment.  These  laser 
power  conditions  were  then  used  in  the  spot  joining  experiments.  The  laser  beam  spot  size  is 
nominally  1  mm  in  diameter  and  approximately  Gaussian  in  shape. 

Specimens  of  fully  dense  silicon  nitride  from  Norton  (NBD  200),  0.8  x  0.8  x  0.2  inch 
samples  were  used  for  joining  experiments.  Other  experiments  were  carried  out  using  silicon 
carbide  infiltrated  Mo  powder  specimens  prepared  using  the  Selective  Area  Laser  Deposition  Vapor 
Infiltration  (SALDVI)  technique  which  shares  many  attributes  of  SALD.  The  main  difference  is 
that  SALDVI  uses  the  pyrolytic  products  of  gas  precursor  decomposition  to  infiltrate  into  layers  of 
powder  rather  than  forming  a  completely  free  standing  shape  associated  with  SALD  (2).  The 
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specimens  were  held  together  with  a  clamp  (Fig.  1)  prior  to  exposing  them  to  laser.  The  precursor 
gases  as  well  as  the  processing  parameters  are  summarized  in  Table  1.  These  conditions  were  used 
in  the  previous  work  of  Shay  Harrison  (1)  for  the  deposition  of  SiC  and  Si3N4  whose  XRD  patterns 
are  shown  in  Figures  2  and  3.  Metallographic  cross-sections  of  the  formed  joints  were  investigated 
using  an  Environmental  Scanning  Electron  Microscope  (ESEM). 


Figure  1 :  The  clamp  used  to  hold  the  samples. 


Table  1 :  Precursor  gases  and  the  processing  parameters  of  experiments 


Deposited  Material 

Gas  Precursors 

Pressure  (torr) 

Temperature,  °C 

Silicon  Carbide 

Tetramethylsilane  (TMS)  and  H2 

20  TMS  and  20  H2 

800-1000 

Silicon  Nitride 

TMS  and  NH3 

20  TMS  and  30  NH3 

900-1100 
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Results 


Specimens  of  SALDVI  silicon  carbide/Mo  composite  were  held  together  and  exposed  to  the 
laser  under  conditions  of  silicon  carbide  deposition.  A  tight  spot  joint  (Fig.  4)  was  formed  through 
the  deposition  of  silicon  carbide. 


Figure  4:  SiC  joint  formed  over  SiC/Mo  composite  sample. 

When  thin  specimens  of  fully  dense  silicon  nitride  materials  were  exposed  to  the  laser  a 
successful  spot  joint  was  formed  under  the  conditions  of  either  silicon  carbide  or  silicon  nitride 
deposition  (Figs.  5,  6).  Thick  fully  dense  silicon  nitride  samples  were  exposed  to  the  laser  under  the 
above  experimental  conditions.  Unfortunately  no  joining  could  be  obtained  with  these  specimens. 
Deposition  occurred  on  one  side  of  the  joint  but  not  the  other.  Several  experiments  were  carried  out 
with  exposing  the  samples  to  the  laser  in  different  geometries  without  forming  a  spot  joint. 


Figure  5:  SiC  joint  formed  over  Si3N4  samples.  Figure  6:  Si3N4  joint  formed  over  Si3N4  samples. 
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The  microstructures  of  the  silicon  carbide  and  silicon  nitride  spot  joints,  as  well  as  the 
silicon  nitride  substrate,  are  shown  in  Figures  7,  8,  and  9. 


Fig.  7:  A  cross  section  of  SiC  joint  over  SiC/Mo  composite.  Fig.  8:  Si3N4  deposition  over  Si3N4  substrate. 
A,  B:  Substrate  C:  Deposit  A;  Substrate  B:  Deposit 


Fig.  9:  Microstructure  of  Si3N4  substrate 


Discussion 

The  results  of  this  study  demonstrate  that  spot  joining  of  silicon  nitride  and  silicon  carbide 
using  the  SALD  joining  process  is  possible.  A  question  that  arose  is;  why  did  the  thin  specimens 
spot  join  while  the  thicker  specimens  did  not?  The  answer  to  this  question  is  related  to  the  thermal 
conductivity  of  the  sample  and  the  available  laser  power.  The  heat  sink  and  resulting  thermal 
gradient  of  the  thinner  specimens  is  much  smaller  than  that  of  thicker  specimens.  The  laser  was 
able  to  uniformly  heat  the  thinner  specimens  effectively,  allowing  deposition  to  occur  on  both  sides 
of  the  joint  at  the  same  time  with  same  deposition  rate  leading  to  a  successful  joint.  For  the  thicker 
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specimens,  heating  and  therefore  deposition  occurred  preferentially  on  one  side  resulting  in  a  poor 
spot  joint. 

Future  work  will  concentrate  on  the  formation  of  a  complete  joint  between  silicon  nitride 
flat  samples  and  silicon  nitride  tubes.  Other  factors  that  influence  joining  will  be  studied,  including 
the  laser  scan  speed  and  laser  wavelength. 


Conclusions 

1 .  Spot  joints  were  obtained  for  the  thin  fully  dense  silicon  nitride  samples  and  for  SALDVI 
silicon  carbide  samples. 

2.  The  factors  that  affect  the  successful  spot  joining  process  are  the  laser  power,  the  thermal 
conductivity  of  the  substrate,  and  the  substrate  size. 
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Introduction 

Photonic  band  gap  (PEG)  materials^]  exhibit  characteristic  frequency  bands  in  which  the 
density  of  states  for  electromagnetic  wave  propagation  approaches  zero.  This  behavior  has  great 
potential  for  efficient  bending  of  light,  increased  efficiency  of  lasers  by  inhibiting  unwanted 
modes,  and  a  variety  of  other  applications  where  control  of  photons  is  important.  The  length 
scale,  symmetry,  and  dielectric  constant  contrast  of  the  crystal  structure  define  the  domain  and 
directionality  of  this  band  gap.  Solution  of  the  Maxwell  equations  for  periodic  dielectric 
structures  reveals  that  the  PEG  scales  with  the  feature  size  of  the  crystal.  Thus,  while  the 
ultimate  application  of  PEG’s  may  target  a  1.5  pm  wavelength,  fabrication  routes  that  can  create 
periodicity  on  the  millimeter  length  scale  can  be  used  to  rapidly  screen  new  structures  and 
materials  with  direct  correlation  to  higher  frequency  applications.  Our  motivation  was  to 
demonstrate  that  a  solid  freeform  fabrication  technique,  known  as  robocasting^.  3]^  could  be  used 
to  rapidly  produce  PEG  structures  on  a  mm  length  scale. 

Robocasting,  was  invented  at  Sandia  National  Labs  to  utilize  colloidal  ceramic  slurries  in 
the  rapid,  moldless  fabrication  of  components.  The  process  starts  by  formulating  a  well- 
controlled,  weakly  flocculated  colloidal  suspension  at  high  solids  loading.  The  suspension  is 
then  extruded  through  a  deposition  nozzle  onto  a  mobile  x-y  translation  stage.  A  computer 
controls  the  x-y  stage,  allowing  the  extrudate  to  be  deposited  in  2-dimensional  patterns  derived 
from  slices  of  a  3 -dimensional  CAD  model.  After  each  layer  is  drawn,  the  deposition  nozzle  is 
incremented  in  height  and  the  next  layer  is  deposited  until  the  3-D  part  is  finished. 

Robocasting  of  alumina  slurry  was  used  to  construct  self-supporting,  spanning  lattice 
structures  that  display  a  PEG.  The  symmetry  of  the  rods  forming  the  lattice  resembled  a  face 
centered  tetragonal  stacking  pattern.  In  addition  to  model  lattices,  intentional  defects  were 
introduced  by  periodically  omitting  rods  from  the  lattice  with  the  aim  of  producing  allowed 
transmission  modes  in  the  PEG.  Example  transmission  spectra  are  given  for  three  lattices  to 
highlight  the  frequency  dependant  attenuation  in  the  80  to  100  GHz  regime. 

Experimental  Procedure 

Materials  System 

The  ceramic  chosen  for  this  study  was  AKP-30  aluminum  oxide  (Sumitomo  Chemical 
Co.,  Osaka,  Japan).  AKP-30  is  a  high  purity  a  alumina  (>99.99%)  with  a  particle  size  of  ~0.3 
pm  and  EET  surface  area  of  7  m^/g.  a  alumina  has  a  refractive  index  of  «  =  1.765.  A 
poly(electrolyte),  the  ammonium  salt  of  poly(acrylic  acid)  (Darvan  821A,  R.T.  Vanderbilt 
Company  Inc.,  Norwalk,  CT),  was  used  as  a  dispersing  agent.  Darvan  821A  provides 
electrosteric  stabilization  of  the  colloidal  alumina  particles  by  adsorbing  on  their  surface  at  a 
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concentration  of  -0.2  to  0.4  mg/m^.  In  the  robocasting  suspensions,  the  concentration  was  2  mg 
of  active  polymer  per  gram  of  alumina.  Darvan  821 A  behaves  similarly  to  poly(acrylic  acid),  as 
described  by  Cesarano  et.  al,  I"*’  ^1  in  acidic  and  alkaline  conditions.  Potentiometric  titration  of 
Darvan  821 A  solutions  of  known  concentration  revealed  that  approximately  75%  of  the 
monomer  groups  were  ionized  at  a  pH  of  >8.0.  The  colloidal  stability  of  the  suspensions  was 
tailored  through  pH  and  ionic  strength  adjustments!^].  Hydroxypropyl  methylcellulose 
(Methoeel  F4M,  DOW  Chemical  Co.,  Midland,  Ml)  was  added  as  a  binder/thickener. 

Fabrication  of  Lattices 

The  first  step  in  the  robocasting  process  is  to  formulate  a  suspension  with  sufficient  yield 
stress  to  form  the  spans  of  the  lattice  structure.  An  aqueous  suspension  of  55%  alumina  by 
volume  was  achieved  by  initially  dispersing  the  ceramic  powder  with  the  aid  of  the  Darvan  821 A 
and  ultrasonication.  After  dispersion,  the  methylcellulose  was  mixed  into  the  suspension  from  a 
stock  solution.  Next,  the  ionic  strength  and  pH  were  adjusted  to  promote  weak  flocculation.  The 
details  of  suspension  rheology  and  shape  evolution  during  robocasting  are  the  subject  of  a  future 
publication!^],  however,  the  shear  yield  stress  of  these  suspensions  has  been  measured  in  the 
range  of  50  to  150  Pa. 

Next,  the  suspension  was  loaded  into  the  robocaster  and  deposited  at  a  speed  of  8  mm/s 
through  a  0.84  mm  orifice.  The  robocaster  was  programmed  to  build  lattiees  with  the  symmetry 
illustrated  in  Figure  1  where,  d  is  the  pitch,  a  is  the  rod  diameter,  and  c  is  the  height  of  the  four 
layer  repeat  unit.  Similar  lattices  with  this  symmetry  on  the  micron  length  seale  have  shown 
PEG’S  at  much  shorter  wavelengths!^]. 


Figure  1  Schematic  illustration  of  robocasting  models  where  lattice  1  has  no  missing  rods  and 
lattice  2  has  a  pair  of  rods  removed. 

The  filling  fraction  of  dielectric  rods  is  thus  defined  as  a/d.  Lattice  1  contained  all  the  rods  while 
pairs  of  rods  were  periodically  removed  from  lattice  2.  After  deposition,  the  dried  lattices  were 
sintered  at  1650“C  for  2h. 

Measurement  of  Photonic  Band  Gap 

The  transmission  spectra  of  the  lattices  was  probed  through  a  frequency  range  of  80  to 
1 10  GHz  using  a  HP85  IOC  network  analyzer  and  mm  wavelength  test  set  (Agilent  Technologies, 
Palo  Alto,  CA).  The  lattices  were  mounted  on  a  sapphire  substrate  using  small  dots  of  glue  at  the 
comers  and  placed  on  a  stage  between  the  emitter  and  receiver  of  the  test  set.  The  microwaves 
were  transmitted  through  the  lattices  in  the  stacking  direction  (see  Fig.  1).  The  attenuation  of 
eaeh  lattice  as  a  function  of  frequency  was  determined  by  comparing  their  transmission  spectra 
to  that  obtained  for  a  sapphire  window  alone.  The  attenuation  in  decibels  (dB)  was  therefore 
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calculated  as  20  log  (I/Iq)  where,  I  is  the  transmitted  microwave  intensity  with  the  sample  present 
and  lo  is  the  reference  intensity. 

Results  and  Discussion 

Two  lattices  were  successfully  robocast  and  sintered  without  (Figure  2(a))  and  with 
(Figure  2(b))  periodic  line  defects. 

(a)  (b) 


Figure  2  Aluminum  oxide  lattices  with  8  layers  (2  unit  cells) 
having  parameters  (a)  d  =  2.25  mm,  a  =  0.64  mm,  filling 
fraction  ~  0.28  and  (b)  d  =  2.3  mm,  a  =  0.68  mm,  filling 
fraction  ~  0.29. 


In  each  lattice,  the  filling  fraction  was  ~28  to  29%  based  on  optical  microscopy  observation  of 
the  rod  diameters  and  pitch.  Lattice  1  was  fabricated  without  defects  and  lattice  2  contained  two 
line  defects  consisting  of  pair  of  missing  rods. 

The  attenuation  spectra  for  lattices  1  and  2  are  plotted  in  Figure  3  for  microwaves 
transmitted  in  the  stacking  direction. 


frequency  (GHz) 


frequency  (GHz) 


Figure  3  Attenuation  spectra  of  (a)  lattice  1  and  (b)  lattice  2. 
The  smooth  line  through  the  data  is  simply  an  aid  to  guide 
the  eye. 
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An  attenuation  of  ~  -10  dB  was  observed  around  a  center  frequency  of/,  =  100  GHz  in  lattice  1. 
In  Figure  3(a)  the  center  frequency  is  denoted  by  a  vertical  line  and  the  +/-  6%  markers  give  the 
bandwidth  of  the  PBG  {i.e.,  ~12%  of  the  center  frequency).  Lattice  2  displayed  a  similar  center 
frequency  around  100  GHz.  Again,  the  +/-  6%  markers  denote  the  band  edges  for  comparison  to 
lattice  1.  The  feature  in  this  spectrum  occurring  at  ~103  GHz  is  assumed  to  be  associated  with 
transmission  modes  allowed  by  the  periodic  defect  states.  Conclusive  proof  of  this  hypothesis, 
however,  is  impossible  from  these  initial  measurements  and  the  limited  data  set. 

Summary 

We  have  demonstrated  the  ability  to  construct  periodic  lattices  of  aluminum  oxide  rods 
using  robocasting.  The  lattices  have  good  definition  of  the  rods  and  spacing  in  both  the  x-y  plane 
and  the  stacking  direction.  The  filling  fractions  achieved  were  on  the  order  of  0.28  to  0.29. 
Initial  PBG  transmission  measurements  indicate  an  attenuation  of -10  dB  for  the  defect  free  lattice 
and  -15  dB  for  lattice  2  containing  periodic  line  defects.  The  bandwidth  for  both  lattices  was 
approximately  12%  of  the  center  frequency.  Lattice  2  appeared  to  display  transmission  modes 
commensurate  with  the  inclusion  of  the  periodic  line  defects.  Further  characterization  of  PBG 
lattices  needs  to  be  performed  to  verify  the  effects  of  engineered  defect  states  on  their 
transmission  behavior.  Robocasting  provides  a  facile  method  to  produce  periodic  dielectrics  in 
the  mm  length  scale.  Current  efforts  are  focusing  on  refining  the  scale  of  such  lattices  to  reach 
into  the  low  THz  regime. 
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Abstract 

Laser  additive  manufacturing  is  a  solid-freeform-fabrication  process  which  is  being 
investigated  for  titanium-component  manufacturing  and  repair  based  on  its  cost-reduction 
potential  and  flexibility.  Laser  additive  manufacturing  also  has  the  potential  to  improve 
mechanical  properties  due  to  the  high  cooling  rates  involved.  However,  the  effect  of  the  layered 
manufacturing  process  and  any  lack-of-fusion  porosity  and  texture  on  the  magnitude  and 
anisotropy  of  mechanical  properties  is  of  concern.  Hence,  a  preliminary  effort  was  undertaken  to 
assess  these  effects  for  bulk  Ti-6A1-4V  deposits  manufactured  using  the  LENS™  process. 
Tension,  fatigue,  and  crack-growth  tests  were  performed  on  both  stress-relieved  and  HIP’ed 
deposits  in  three  primary  directions.  The  results  were  compared  to  published  data  for 
conventionally  processed  Ti-6A1-4V  castings  and  forgings. 

Introduction 

Laser  additive  manufacturing  is  a  solid-freeform-fabrication  method  which  can  be  used  to 
manufacture  solid  metallic  components  directly  from  CAD  files.  During  laser  additive 
manufacturing,  powder  is  fed  into  a  melt  pool  which  is  produced  by  a  sharply-focused  laser 
beam.  Parts  are  built  in  a  layer-by-layer  fashion  by  rastering  the  laser  and  powder  source  across 
the  substrate.  Laser  additive  manufacturing  has  many  potential  applications,  including 
production  of  functional  prototypes,  short-run  component  fabrication,  component  repair,  and 
fabrication  of  functionally-graded  materials. 

Laser  additive  manufacturing  is  particularly  attractive  for  the  fabrication  of  titanium 
aerospace  components  because  it  can  greatly  reduce  the  buy-to-fly  ratio  and  lead  time  for 
production,  two  factors  which  impact  cost.  Thus,  a  number  of  recent  efforts  have  been 
undertaken  to  develop  titanium  laser-additive-manufacturing  processes  [1,2, 3 ,4,5].  Much  of  the 
focus  of  this  prior  research  has  been  on  equipment  development  and  mechanical  property 
measurements  [1,2].  Acceptable  processing  parameters  have  been  determined  largely  through 
trial-and-error  approaches.  On  the  other  hand,  only  limited  work  has  been  done  to  establish  the 
relationship  between  process  parameters  and  the  structure  of  deposits  [3,4,5].  Such  an 
understanding  is  critical  for  both  process  design  and  control. 

The  work  reported  here  is  part  of  a  larger  effort  to  establish  the  effect  of  process 
parameters  and  input  materials  on  deposit  structure,  texture,  and  mechanical  properties.  The 
results  of  efforts  to  characterize  the  effect  of  process  parameters  on  structure  have  been  described 
elsewhere  [4,5].  The  results  of  an  initial  investigation  of  mechanical  properties  in  bulk 
Ti-6A1-4V  deposits  formed  using  the  LENS™  process  are  described  here  with  a  focus  on  the 
relationship  between  properties  and  structure. 
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Materials  and  Procedures 


Materials:  The  materials  used  in  this  investigation  consisted  of  gas-atomized  prealloyed 
Ti-6A1-4V  powder  made  by  Crucible  Research  and  13.23-mm-thick  hot-rolled  Ti-6A1-4V  plate 
with  an  equiaxed-alpha  microstructure.  The  powder  had  a  composition  (in  weight  percent)  of 
6.24  aluminum,  3.92  vanadium,  0.104  oxygen,  0.006  hydrogen,  0.007  nitrogen,  0.038  carbon, 
0.047  iron,  balance  titanium  and  a  mesh  size  of  -100,  +325  (particle  sizes  between  45  and 
150  |im).  The  plate  had  a  composition  (in  weight  percent)  of  6.19  aluminum,  3.89  vanadium, 
0.20  oxygen,  0.0074  hydrogen,  0.01  nitrogen,  0.02  carbon,  0.12  iron,  balance  titanium.  Prior  to 
deposition,  the  plate  was  lapped  on  both  sides  to  a  surface  finish  of  12  to  14  pm  and  degreased 
using  acetone  and  alcohol. 

Test  Material  Fabrication:  Two  76  mm  x  76  mm  x  76  mm  cubes  were  formed  in  a  LENS™ 
system  using  the  powder  and  substrate  material  described  in  the  previous  section  and  the 
operating  parameters  recommended  by  the  system  manufacturer.  One  cube  was  stress  relieved  in 
vacuum  for  2  hours  at  700  -  730°C,  while  the  other  cube  was  hot  isostatically  pressed  (HIP’ed) 
for  2  hours  at  900°C  and  100  MPa.  Six  cylindrical  dogbone  tension  specimens  (total  length  == 
76  mm;  gauge  length  =  13.5  mm;  gauge  diameter  =  5  mm)  and  two  ASTM  E  399  compact 
tension  specimens  were  extracted  from  each  cube  in  each  of  the  three  primary  deposition 
directions  (Figure  1). 


X  Direction 

Y  Direction 

Z  Direction 

f 

A 

i 

Figure  1.  Illustration  of  the  deposit  geometry  and  the  corresponding  primary  deposition  and  test-specimen 

directions. 

Material  Characterization:  Remnants  from  each  cube  were  sectioned,  mounted,  and  polished 
using  standard  metallographic  preparation  techniques.  The  macrostructures  and  microstructures 
were  characterized  via  light  microscopy  to  assess  the  extent  of  porosity,  the  prior-beta  grain 
morphology  and  grain  size,  and  the  morphology  and  scale  of  the  transformed-beta 
microstructure.  The  crystallographic  texture  of  the  Ti-6A1-4V  material  produced  via  LENS™ 
was  measured  at  a  distance  of  approximately  6  mm  from  the  substrate-deposit  interface.  It  was 
determined  using  a  scanning  electron  microscope  (SEM)  equipped  with  an  electron-backscatter- 
diffraction  (EBSD)  analysis  system  [6]. 

Mechanical  Testing:  Standard  tension  tests  were  performed  on  three  of  the  six  dogbone 
specimens  from  each  direction  in  each  cube  to  determine  the  tensile  yield  and  ultimate  stresses, 
total  elongation,  and  elastic  modulus.  The  remaining  dogbone  specimens  were  used  to  perform 
fatigue  tests  for  use  in  constructing  an  S-N  fatigue  curve.  The  compact  tension  specimens  were 
used  to  determine  fracture  toughness  values  (i.e.,  Ki,c  or  Kq).  The  fraeture  surfaees  of  all  of  the 
specimens  were  examined  to  establish  the  gross  failure  modes. 
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Data  Analysis:  The  measured  mechanical  properties  were  analyzed  to  determine  differences 
between  different  material  conditions  (i.e.,  stress-relieved  vs.  HIP’ed)  and  test  directions  (X,  Y, 
and  Z).  The  resulting  tension  data  were  also  compared  to  published  A-basis  design  properties  for 
wrought,  mill-annealed  Ti-6A1-4V  plate  [7],  while  the  fatigue  and  fracture-toughness  data  were 
compared  to  published  scatterbands  for  cast  and  for  wrought  Ti-6A1-4V  product  forms  [8]. 
Similarities  and/or  differences  were  reconciled  based  on  the  observed  microstructures  and 
texture. 


Results 

Microstructure/T exture :  Both  the  stress-relieved  material  and  the  HIP’ed  material  contained 
columnar  prior-beta  grains  with  a  grain  size  of  approximately  155  pm  (Figure  2a, b).  A 
macroscopic  banding  (similar  to  that  observed  in  previous  Ti-6A1-4V  material  produced  via 
LENS™  [4])  was  also  evident  in  both  materials.  However,  the  stress-relieved  material  contained 
significant  lack-of-fiision  porosity  while  the  HIP’ed  material  contained  none.  This  result 
indicated  that  the  selected  processing  conditions  did  not  produce  fully  consolidated  material,  but 
that  porosity  which  did  form  was  closed  to  the  surface  and  therefore  healed  during  HIP. 

Both  materials  also  possessed  a  Widmanstatten  transformed-beta  microstructure  (Figure 
2c,d);  however  the  alpha  laths  in  the  stress-relieved  material  were  finer  than  those  in  the  HIP’ed 
material.  This  difference  was  expected  because  the  higher  temperature  used  during  HIP  allows 
the  alpha  phase  to  coarsen,  while  the  lower  temperature  used  for  stress  relief  does  not.  Such  a 
difference  in  coarseness  of  the  alpha  phase  would  be  expected  to  have  a  noticeable  effect  on 
mechanical  properties,  particularly  tensile  strength  [8]. 


Figure!.  Photographs  showing  the  (a,b)  macrostructures  and  (c,d)  microstructures  of  the  (a,c)  stress- 
relieved  and  (b,d)  HIP’ed  deposits. 


The  measured  crystallographic  texture  was  consistent  with  that  which  would  form  as  a 
result  of  epitaxial  growth  of  columnar  beta  grains  from  the  substrate  (i.e.,  showing  the  influenee 
of  both  a  solidification-induced  <100>  fiber  texture  and  the  texture  of  the  beta-annealed 
substrate).  However,  the  texture  was  found  to  be  relatively  weak  (i.e.,  maximum  of  2.5  times 
random  in  the  alpha  phase)  [10]. 

Static  Tension  Test  Results:  The  tension-test  results  provided  insight  into  the  effect  of  the 
deposition  process  and  post-deposition  HIP  on  mechanical  properties  (Table  1).  For  example, 
the  deposits  exhibited  significant  yield-strength  anisotropy  in  both  the  stress-relieved  and  the 
HIP’ed  conditions.  The  X-  and  Y-direction  yield  strengths  were  higher  than  those  in  the 
Z  direction.  However,  this  anisotropy  was  much  greater  in  the  stress-relieved  condition  than 
following  HIP. 
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Table  1.  Average  Tensile  Properties  of  Bulk  Ti-6AI-4V  Produced  via  the  LENS^”^*  Process. 


Condition 

Test  Direction 

Yield  Strength 
(MPa) 

Ultimate  Strength 
(MPa) 

Total  Elongation 
(%) 

Elastic  Modulus 
(GPa) 

Stress  Relieved 

X 

1065 

1109 

4.9 

116 

Stress  Relieved 

Y 

1066 

1112 

5.5 

116 

Stress  Relieved 

z 

832 

832 

0.8 

112 

HIP’ed 

X 

946 

1005 

13.1 

HIP’ed 

Y 

952 

1007 

13.0 

118 

HIP’ed 

Z 

899 

1002 

11.8 

114 

The  large  anisotropy  in  the  stress-relieved  deposit  was  a  direct  result  of  the  distribution  of 
lack-of-fusion  porosity  in  the  material.  Due  to  the  layered  nature  of  the  LENS™  process,  lack- 
of-fusion  porosity  tended  to  form  primarily  along  the  planar  inter-layer  boundaries  (Figure  2a). 
Hence,  the  effective  load-bearing  area  in  tension  tests  perpendicular  to  the  layer  boundaries  was 
significantly  reduced,  and  the  measured  yield  stress  (which  assumes  full-density  material)  was 
correspondingly  reduced.  While  additional  lack-of-fusion  porosity  can  also  form  at  the  inter-line 
boundaries  within  each  layer,  such  porosity  appeared  to  occur  less  frequently  (Figure  2a). 
Additionally,  because  the  line  direction  was  alternated  by  90°  with  each  subsequent  layer,  inter¬ 
line  porosity  would  be  expected  to  have  been  distributed  more  evenly  throughout  the  deposit  and 
therefore  have  had  a  much  smaller  effect  on  strength.  The  amount  of  porosity  and  deformation 
observed  in  the  fractured  specimens  (Figure  3)  supported  these  conclusions.  While  the  X-  and 
Y-direction  specimens  exhibited  large  amounts  of  deformation  and  little  porosity,  the  Z-direction 
specimens  exhibited  very  little  deformation  and  extensive  porosity.  The  relative  ductility  of  each 
of  the  three  directions  was  further  illustrated  by  the  relative  values  of  ultimate  strength  and  total 
elongation  in  Table  1.  While  the  X  and  Y  directions  had  significant  differences  between  their 
yield  and  ultimate  stresses  and  had  approximately  5%  total  elongation,  the  Z  direction  had  no 
measurable  difference  between  its  yield  and  ultimate  stresses  and  less  than  1%  total  elongation. 


Figure  3.  Macrographs  of  (a,b,c)  broken  specimens  and  (d,e,f)  fracture  surfaces  of  tension-test  specimens  cut 
from  the  stress-relieved  deposit  in  the  (a,d)  X  direction,  (b,e)  Y  direction,  and  (c,0  Z  direction. 

Because  the  HIP’ed  deposit  was  essentially  porosity  free  (Figure  2b),  a  much  smaller 
yield-strength  anisotropy  was  observed.  The  specimens  from  all  three  directions  exhibited 
significant  ductility,  as  illustrated  by  the  large  amount  of  deformation  observed  in  the  fractured 
specimens  (Figure  4)  and  the  large,  similar  values  of  ultimate  strength  and  total  elongation. 
Hence,  the  yield-strength  anisotropy  is  most  likely  not  a  result  of  porosity  which  might  have 
remained  incompletely  healed  after  HIP.  Instead,  it  is  probably  due  to  some  form  of  mechanical 
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or  crystallographic  texture.  While  further  research  is  required  to  determine  the  precise  effect  of 
various  forms  of  texture  on  properties,  some  general  comments  can  be  made.  One  potential 
cause  of  the  observed  anisotropy  is  the  mechanical  texture  due  to  the  columnar  grain 
morphology.  In  lamellar  titanium  microstructures,  the  effective  slip  length  (which  has  a  large, 
inverse  effect  on  yield  strength)  is  determined  by  the  alpha  colony  size  which,  in  turn,  is  limited 
by  the  prior-beta  grain  size  [10].  In  a  columnar  microstructure,  the  effective  grain  size  is  much 
smaller  in  directions  perpendicular  to  the  columnar  grains  than  in  the  direction  parallel  to  them. 
Hence,  one  would  expect  the  yield  strength  to  be  lower  in  the  direction  parallel  to  the  columnar 
grains  (which  in  this  case  is  the  Z  direction).  Another  possible  cause  of  anisotropy  is 
crystallographic  texture  [11].  Due  to  the  high  anisotropy  of  the  hexagonal  crystal  structure, 
texture  can  greatly  affect  mechanical  properties  in  titanium  alloys.  Because  the  texture  of 
Ti-6A1-4V  LENS™  deposits  is  markedly  affected  by  the  <100>  fiber  texture  whieh  forms  during 
columnar  solidification,  a  difference  in  texture  between  the  Z  direction  and  the  X  and 
Y  directions  would  be  expected  and  was  indeed  observed  [9].  However,  the  effect  of  this  texture 
on  properties  is  not  straightforward  and  requires  further  investigation. 


Figure  4.  Macrographs  of  the  (a,h,c)  broken  specimens  and  (d,e,f)  fracture  surfaces  of  tension-test 
specimens  cut  from  the  HIP’ed  deposit  in  the  (a,d)  X  direction,  (b,e)  Y  direction,  and  (c,f)  Z 
direction. 

Another  interesting  observation  was  the  significant  difference  in  strength  and  ductility  for 
the  stress-relieved  and  HIP’ed  material  conditions.  Focussing  on  the  X-  and  Y-direction  results, 
the  stress-relieved  material  was  stronger  yet  less  ductile  than  the  HIP’ed  material.  The 
difference  in  strength  was  likely  a  result  of  the  difference  in  alpha-platelet  thickness  between  the 
two  materials  with  the  coarser  HIP’ed  material  being  weaker.  The  difference  in  ductility  was 
probably  due  to  the  presence  of  porosity  in  the  stress-relieved  material. 

The  Z-direction  tension  properties  of  these  materials  showed  interesting  comparisons  to 
published  design  properties  for  wrought,  mill-annealed  Ti-6A1-4V  (Table  2).  While  the  strength 
and  ductility  of  the  stress-relieved  material  were  severely  limited  by  porosity,  the  yield  strength 
was  not  particularly  low  when  compared  to  the  wrought  material.  Considering  the  much  higher 
strengths  and  ductilities  observed  in  the  X  and  Y  directions,  it  appears  that  the  LENS™  process 
actually  may  offer  improvements  in  tensile  strength  provided  that  the  material  can  be  fabricated 
without  porosity.  However,  even  if  HEP  is  required  to  heal  porosity,  a  modest  improvement  in 
strength  relative  to  wrought  properties  can  be  achieved  without  a  significant  loss  of  ductility. 
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Table  2.  Measured  Z-Direction  Tension  Properties  of  Bulk  Ti-6A1-4V  Produced  via  the  LENS™  Process 
versus  Published  A-Basis  Design  Properties  for  Wrought,  Mill-Annealed  Ti-6AI-4V  Plate  [7]. 


Condition 

Yield  Strength 
(MPa) 

Ultimate  Strength 
(MPa) 

Total  Elongation 
(%) 

Elastic  Modulus 
(GPa) 

Stress  Relieved 

832 

832 

0.8 

112 

HIP’ed 

899 

1002 

11.8 

114 

Wrought 

827 

896 

10 

110 

Tensile  Fatigue  Test  Results:  The  tensile  fatigue  test  results  revealed  the  expected  trends  in  view 
of  the  distribution  of  porosity  in  the  deposits  (Figure  5).  The  stress-relieved  material  had  much 
lower  fatigue  strengths  than  the  HIP’ed  material  and  also  displayed  an  anisotropy.  The 
Z-direction  fatigue  strengths  were  significantly  lower  than  those  in  the  X  and  Y  directions. 
When  compared  to  alternate  product  forms,  the  fatigue  strength  of  the  HIP’ed  material  was 
similar  to  that  of  wrought  product,  indicating  that  no  debit  in  fatigue  strength  would  need  to  be 
considered  in  component  design. 
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Figure  5.  Comparison  of  measured  fatigue  strengths  for  Ti~6A1-4V  deposits  in  both  the  stress-relieved  and 
HIP’ed  conditions  to  published  scatterbands  for  Ti-6A1-4V  castings  and  forgings  (Reference  8). 

Compact  Tension  Test  Results:  The  compact  tension  results  further  demonstrated  the  effect  of 
lack-of-fusion  porosity  on  mechanical  behavior.  In  the  stress-relieved  specimens,  a  strong 
anisotropy  was  again  observed  (Figures  6  and  7).  In  the  X-direction  specimens  (Figure  6a, d),  the 
crack  did  not  begin  at  the  notch  tip,  but  instead  at  the  nearest  layer  of  lack-of-fusion  porosity. 
From  there,  the  crack  grew  rapidly  with  little  plastic  deformation  thus  resulting  in  a  very  low 
fracture  toughness  (Figure  7).  In  the  Y  and  Z  directions,  the  porosity  layers  were  not  in  the  same 
plane  as  the  craek;  thus,  larger  fracture  toughnesses  were  obtained  (Figure  7).  In  addition,  an 
unusual  phenomenon  occurred  in  the  Z-direction  specimens  (Figure  6c,f).  The  crack  propagated 
along  the  original  plane  for  a  significant  distance  and  then  began  to  propagate  along  the  layers  of 
porosity  at  an  angle  90°  from  the  original  plane.  Nevertheless,  these  specimens  exhibited  the 
highest  toughness  values  for  the  stress-relieved  material  (Figure  7). 

In  contrast,  the  HIP’ed  specimens  exhibited  a  much  smaller  level  of  anisotropy  (Figures  7 
and  8).  The  Z-direction  toughness  was  slightly  higher  than  that  for  the  other  directions. 
Significant  ductility  and  nominally  planar  cracks  were  observed  in  all  three  directions  (Figure  8). 
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Hence,  the  cause  of  the  observed  anisotropy  is  likely  related  to  the  same  source  as  the  observed 
yield-strength  anisotropy. 

Finally,  upon  comparing  the  toughness  of  these  materials  to  those  of  other  product  forms, 
the  toughness  of  the  stress-relieved  material  fell  below  published  values  for  wrought  and  cast 
product  forms,  while  that  of  the  HIP’ed  material  lay  within  the  range  of  published  values. 


Figure  6.  Macrographs  showing  the  (a,h,c)  broken  specimens  and  (d,e,f)  fracture  surfaces  of  the  compact- 
tension  specimens  from  the  stress-reiieved  deposits  in  the  (a,d)  X  direction,  (b,e)  Y  direction,  and 
(c,f)  Z  direction. 


600  700  BOO  900  1000  1100  1200  1300  1400 

Yield  Stress  (MPa) 

Figure  7.  Comparison  of  measured  Ki^c  and  yield-strength  values  for  Ti-6A1-4V  deposits  in  both  the  stress- 
relieved  and  HIP’ed  conditions  to  a  published  scatterband  for  wrought  Ti-6A1-4V  (Reference  8). 


Figure  8.  Macrographs  showing  the  (a,b,c)  broken  specimens  and  (d,e,f)  fracture  surfaces  of  the  compact- 
tension  specimens  from  the  HIP’ed  deposits  in  the  (a,d)  X  direction,  (b,e)  Y  direction,  and  (c,f)  Z 
direction. 
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Summary  and  Conclusions 


The  effect  of  microstructure  and  texture  of  laser-deposited  Ti-6A1-4V  on  mechanical 
properties  was  investigated  by  conducting  tension,  fatigue,  and  fracture  toughness  tests.  From 
this  work,  the  following  conclusions  were  drawn: 

1.  Lack-of-fusion  porosity  has  a  significant  effect  on  both  the  levels  and  anisotropy  of 
mechanical  properties. 

2.  HIP  appears  to  be  effective  in  healing  lack-of-fusion  porosity. 

3.  The  yield  strength  can  show  a  noticeable  anisotropy  due  to  residual  deposition  porosity  (in 
the  stress-relieved  condition)  and  mechanical  and/or  crystallographic  texture  (in  both 
conditions). 

4.  The  static  tensile  strength  and  ductility,  fatigue  strength,  and  fracture  toughness  of  HIP’ed 
Ti-6A1-4V  produced  via  LENS^^  compare  favorably  to  those  of  wrought  products. 
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Abstract 

Solid  Freeform  Fabrication  technologies  have  potential  to  manufacture  parts  with  locally  con¬ 
trolled  properties  (LCP),  which  would  allow  concurrent  design  of  part’s  geometry  and  desired 
properties.  To  a  certain  extent.  Fused  Deposition  Modelling  (FDM)  has  the  ability  to  fabricate 
parts  with  LCP  by  changing  deposition  density  and  deposition  orientation.  To  fiilly  exploit  this 
potential,  this  paper  reports  a  study  on  the  mechanical  properties  of  FDM  prototypes,  and  related 
materials  and  fabrication  process  issues.  Both  theoretical  and  experimental  analyses  of  mechanical 
properties  of  FDM  parts  were  carried  out.  To  establish  the  constitutive  models,  a  set  of  equations 
is  proposed  to  determine  the  elastic  constants  of  FDM  prototypes.  An  example  is  provided  to 
illustrate  the  model  with  LCP  using  FDM. 

Key  words:  Fused  Deposition  Modeling,  Composite  Mechanics,  Locally  Controlled  Properties. 

1.  Introduction 

With  recent  advances  in  Solid  Freeform  Fabrication  (SFF)  technologies,  it  is  possible  to  use 
these  technologies  to  produce  parts  with  desired  mechanical  properties.  The  ability  to  fabricate 
parts  with  locally  controlled  properties  (LCP)  would  create  opportunities  for  manufacturing  of  a 
whole  new  class  of  parts  with  graded  compositions  [Jackson  et  al,  99]  and  [Cho  etal.,  01].  Fused 
Deposition  Modeling(FDM)  has  the  potential  to  produce  parts  with  LCP  by  changing  deposition 
density  and  deposition  orientation.  A  few  examples  with  LCP  are  shown  in  Figure  1  b),  c),  d),  e). 

FDM  processes  fabricate  prototypes  by  extruding  a  semi-molten  filament  through  a  heated 
nozzle  in  a  prescribed  pattern  onto  a  platform  layer  by  layer,  as  in  shown  Figure  1  a).  After  the 
semi-molten  material  is  deposited  onto  the  worktable  it  begins  to  cool  and  bond  to  the  neighboring 
material  diffusely.  The  bonding  between  the  individual  roads  of  the  same  layer  and  of  neighboring 
layers  is  driven  by  the  thermal  energy  of  semi-molten  material.  FDM  processes  use  several  types 
of  materials,  such  as  Acrylonitrile-butadiene-styrene  (ABS)  and  wax,  to  build  conceptual  and/or 
functional  prototypes. 

Most  of  the  existing  research  work  in  FDM  is  primarily  directed  towards  the  development 
of  new  materials  or  techniques  for  material  deposition  [Agarwala  et  ah,  96]  [Gray  IV  et  a/. ,98], 
[Yardimci  et  al,  96].  The  mechanical  properties  of  ABS  filament  and  FDM  parts  were  also  investi¬ 
gated  by  researchers  such  as  [Comb  et  al ,  94],  [Kulkami  and  Dutta,  99]  and  [Rodriguez  Matas,  99]. 

ABS  parts  made  by  FDM  processes  essentially  consist  of  partially  bonded  ABS  filaments. 
Mechanical  properties  of  FDM  prototypes  are  governed  by  their  meso-structures  that  are  determined 
by  manufacturing  parameters.  By  selecting  manufacturing  parameters,  such  as  deposition  directions 
in  layers  and  gap  sizes  between  filaments,  FDM  processes  can  achieve  LCP  and  produce  prototypes 
with  desired  properties.  To  fiilly  exploit  this  potential,  issues  concerning  the  mechanical  properties 
of  FDM  parts  and  the  fabrication  process  parameters,  should  be  investigated.  This  paper  describes 
a  study  on  the  mechanical  properties  of  FDM  prototypes. 

^To  whom  all  correspondences  should  be  addressed:  gu@enme.uealgary.ca 
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Figure  1 :  FDM  process  and  the  parts  fabricated  with  graded  mechanical  properties 


The  remaining  sections  of  this  paper  consist  of  the  following  parts:  Section  2  is  devoted  to  the 
modeling  of  the  mechanical  properties  for  design  of  FDM  parts;  experimental  validation  is  given 
in  Section  3.  Section  4  provides  an  example  of  the  prototypes  with  graded  mechanical  properties 
using  LCP.  The  final  section  summarizes  the  main  conclusions. 

2.  Modeling  and  Analysis  of  Mechanical  Properties  of  FDM  Prototypes 

The  FDM  prototypes  are  orthotropic  composites  of  ABS  filaments,  bonding  between  filaments 
and  voids.  They  can  be  viewed  and  analyzed  at  different  levels  and  on  different  scales.  At  macro 
level,  they  are  studied  as  laminates  of  bonded  laminars.  At  micro  level,  the  properties  of  each 
laminar  are  functions  of  properties  of  filaments  and  void  density. 

2.1  Lamination  Analysis  of  FDM  Parts.  To  concurrently  design  mechanical  geometries  and 
properties,  it  is  important  to  determine  the  effective  stiffness  so  that  the  model  can  be  used  to 
predict  the  mechanical  behaviors  of  the  parts.  Filament  orientation  9  is  defined  as  the  angle  be¬ 
tween  the  loading  direction  and  longitudinal  direction  of  filaments  of  each  lamina.  The  in-plane 
constitutive  relations  for  the  case  of  specially  orthotropic,  where  6  =  0(or90‘’),  the  constitutive 
relation  reduces  to  form  of  Equation  1 : 


0-11 

Qn  Q\2  0 

^11 

(722 

Q\2  Q22  0 

^22 

<r\2 

0  0  Qee 

^12 

where  [aij]  and  [€ij]  are  the  in-plane  stress  and  strain  respectively.  [Q]  is  the  stiffness  matrix. 
Four  independent  elastic  constants,  namely,  longitudinal  Young’s  modulus  En,  transverse  Young’s 
modulus  E22,  major  Poisson’s  ratio  vu,  and  shear  Modulus  Gu  are  required  to  describe  the  in¬ 
plane  elastic  behavior  of  a  lamina.  All  elements  in  matrix  [Q]  are  functions  of  these  constants. 
General  orthotropic  lamina  refers  to  a  lamina  with  fiber  orientation  other  than  0"  or  90”.  Although, 
the  stiffness  matrix  for  general  orthotropic  lamina  is  fully  populated  with  6  elements.  These  six 
elements  are  functions  of  the  four  independent  elements  in  matrix  [Q]  [Mallick,  93]. 

A  laminate  is  constructed  by  stacking  a  number  of  laminas  in  the  thickness  direction.  The 


188 


overall  properties  can  be  modeled  by  the  Lamination  Theory  [Mallick,  93].  As  such,  in  macrome¬ 
chanical  approaches,  the  stiffness  matrix  of  a  laminate  is  composed  by  properties  of  every  lamina 
according  to  the  Lamination  Theory,  while  the  in-plane  elastic  behavior  of  a  unidirectional  lamina 
may  be  fully  described  in  terms  of  four  elastic  lamina  properties  including  En,  E22,  Gu  and 
For  the  design  purpose,  it  is  desirable  to  have  reliable  predictions  of  lamina  properties  as  a  function 
of  constituent  properties  and  geometric  characteristics.  One  of  the  objectives  of  micromechanics 
is  to  obtain  such  relationships. 

2.2  Micromechanics  of  Material  with  Voids.  A  variety  of  methods  have  been  used  to  pre¬ 
dict  properties  of  composite  materials  as  functions  of  constituent  volume  ratio  and  geometric 
packing  parameters.  Tsai  [Tsai,  64]  conducted  an  analysis  based  on  variational  principles  in  which 
contiguity  of  the  fibers  and  fiber  misalignment  were  considered.  The  filament  contiguity  was 
incorporated  in  theoretical  prediction  E22,  and  the  fiber  misalignment  was  considered  in  Eu.  The 
set  of  the  equations,  when  being  reduced  to  material  with  voids,  is  depicted  below. 

The  longitudinal  Young’s  modulus  can  be  described  by  the  equation: 


En  =  k{l-pi)E  (2) 

where  E  is  the  Young’s  modulus  of  the  polymer,  pi  is  the  void  density  in  Plane  1  (normal  to  the 
fibers),  and  k  is  an  empirical  factor  that  takes  into  account  the  fact  that  the  filament  may  not  be 
exactly  parallel  or  perfectly  straight.  The  prediction  of  transverse  modulus,  E22,  takes  form: 


E22  =  {1-C) 


[1  -  {1  -  p,)u]{l  -  p^) ^ 
1  -f  2pi  -  u{l  -  2pi) 


(3) 


where  u  is  the  Poisson’s  ratio  of  the  polymer.  The  effective  in-plane  shear  modulus,  G12,  is  given 
by: 

Gi2  =  (1  -  (4) 

1  +  Pi 

where  G  is  shear  moduli  of  the  polymer.  And  the  in-plane  Poisson’s  ratio,  U12,  is  given  by  the 
following  relation: 


U12  =  (1  -  C)u  (5) 

Only  the  void  density  in  the  plane  perpendicular  to  the  fibers  is  required  to  compute  the  effective 
properties.  The  value  of  fiber  contiguity  factor  C  can  be  assigned  to  two  extreme  cases,  (1)  all 
filaments  are  isolated,  C  =  0;  (2)  all  fibers  are  contiguous,  (7  =  1.  The  effective  Poisson’s  ratio, 
u\2,  is  found  to  be  the  same  as  that  of  polymer  when  C  =  0.  It  is  the  same  as  Hashin  and  Rosen’s 
conclusion  [Hashin  and  Rosen,  64]. 

Tsai’s  equations  may  be  suitable  for  materials  with  cavities,  but  they  could  be  used  for  FDM 
parts  only  under  the  assumption  of  perfect  bonding  among  filaments.  However,  this  assumption  is 
not  valid  for  the  FDM  process  according  to  the  ABS  sintering  experiments  that  were  conducted  in 
this  research. 
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Figure  2:  Fiber  volume  fraction  in  the  transverse  direction 


2.3  Modeling  of  Elastic  Constants  for  FDM  Prototypes.  The  previous  section  demonstrated 
that  FDM  prototypes  are  composites  of  partially  bonded  ABS  filaments  and  voids.  Because  of 
imperfect  bonding,  A  new  set  of  equations  is  proposed  to  calculate  the  elastic  constants. 

When  loaded  in  longitudinal  direction,  a  unidirectional  FDM  part  is  an  aggregate  of  ABS 
filaments.  Longitudinal  Young’s  Modulus  can  be  predicted  well  by  the  rule  of  mixtures.  Therefore, 
Longitudinal  Young’s  Modulus  is: 

=  (6) 

where  E  is  Young’s  Modulus  of  P400  filament,  and  pi  is  the  area  void  density  in  the  plane  normal 
to  filaments.  In  the  case  of  transverse  normal  loading,  the  bonding  among  the  filaments  is  the  load 
carrier.  The  following  equation  is  proposed  for  Transverse  Modulus: 


E22  —  C(i  ~  P2)e 


(7) 


where  ( is  an  empirical  factor  that  takes  into  account  the  bonding  strength.  p2  is  linear  void  fraction 
along  the  transverse  direetion.  Refer  to  Figure  2,  the  definition  of  p2  is: 


P2  — 


b-y 

b 


(8) 


Term  (1  —  P2)  is  the  ratio  of  bonding  length  to  overall  dimensions.  Similarly,  the  prediction  of  the 
in-plane  shear  modulus  takes  form: 


Gi2  —  C(1  ~  P2)G,  (9) 

where  G  is  the  Shear  Modulus  of  P400  filament,  and  the  in-plane  Poisson’s  ratio,  U12,  is  same  as 
that  of  ABS  filaments,  u: 

1212  =  12  (10) 

Comparing  Equations  6  through  1 0  with  Equations  2  to  5,  the  significant  differences  are  in 
the  predictions  of  E22  and  G12.  Void  density  p2  is  introduced  to  count  the  potential  load  carrying 
dimension,  whereas  C(1  —  Pi)  results  in  the  ratio  of  the  effective  load  carrying  media.  Since  the 
estimation  of  these  elastic  constants  requires  the  void  density  in  the  plane  perpendicular  to  filaments 
Pi  and  bond  length  ratio  P2,  the  calculations  of  the  void  densities  are  the  topic  of  the  next  section. 

2.4  Micro-scopic  Images  Analysis.  Theoretical  calculations  of  strength,  modulus,  and  other 
properties  for  a  FDM  part  are  based  on  the  the  void  densities  pi  and  p2.  Therefore  the  cross- 
sections  of  FDM  specimens  are  studied  under  a  microscope.  Unidirectional  cubic  specimens  of 
dimension  10  x  8  x  20mm  were  made  with  different  gap  sizes.  They  were  cut  in  the  middle  plane 
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Table  1 :  Results  of  digitized  image  analysis 


Gap  Size(pm) 

Pi 

P2 

0.0343 

WMklM 

-25.4 

0 

0.0799 

0.4038 

100 

0.1990 

1 

d)  e| 

Figure  3:  Meso-structures  of  different  gap  settings,  a)  5  =  — 0.100mm;  h)  g  =  —0.050mm;  c) 
g  =  —0.0254mm;  d)  ^  =  0.0mm  and  e)  g  =  +0. 100mm 


which  is  normal  to  filaments.  Then  the  photos  of  meso-structures  were  taken  under  a  microscope, 
as  shown  in  Figure  3.  They  were  analyzed  by  using  image  processing  software.  Void  densities 
Pi  and  P2  were  calculated,  and  the  results  are  listed  in  Table  1.  From  the  observation  and  the 
image  analysis,  it  can  be  concluded  that  the  voids  appear  periodically  when  the  negative  gap  is 
small.  When  the  negative  gap  reaches  —0.1mm,  the  dimensional  accuracy  and  surface  quality  of 
the  specimen  become  very  poor,  and  the  periodicity  can  rarely  be  observed. 

3.  Experimental  Validation 

The  theoretical  stiffness  model  developed  previously  is  a  function  of  deposition  densities 
and  deposition  orientations.  To  validate  the  model  and  method,  the  experimental  analysis  was 
carried  out.  The  experiments  tested  the  orthogonal-ply  specimens,  and  the  experimental  results 
were  compared  with  those  of  constitutive  modeling  described  in  Section  2.  All  specimens  were 
manufactured  by  the  FDM2000  machine.  The  elastic  constants  of  P400  filaments  were  cited  from 
work  of  Rodriguez  Matas  [Rodriguez  Matas,  99],  listed  in  Table  2,  as  the  inputs  of  the  theoretical 
calculations. 


Table  2:  Elastic  Properties  of  P400  filament 


Elastic  Constant 

Value 

Young’s  Modulus,  E 

2230  ±  15MPa 

Shear  Modulus,  G 

833  ±  7.6MPa 

V 

0.34  ±0.02 
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Figure  4:  Young’s  modulus  vs  deposition  Orientation  in  orthogonal-ply  specimens 


Table  3:  Orthogonal-ply  specimen  test  results 


Specimen 

Young’s  Modulus  MPa 

Difference 

Experimental 

Theoretical 

Percent 

[0/90] 

1772.9 

1718.7 

3.1 

[15/-75] 

1623.4 

1584.7 

2.4 

[30/-60] 

1440.4 

1368.2 

5.0 

[45/-45] 

1369.6 

1272.7 

7.1 

The  stiffness  matrix  of  orthogonal-ply  specimens  can  be  constructed  according  to  the  procedure 
described  in  Section  2.  As  a  result  of  the  laminate  modeling,  the  in-plane  Young’s  modulus  of  the 
orthogonal-ply  symmetric  laminates  with  different  [9/(6  —  90")]  fiber  orientations  is  a  non-linear 
function  of  the  deposition  angle,  as  shown  in  Figure  4.  It  can  be  observed  from  the  figure  that  the 
laminate  with  raster  angles  of  approximately  [45/-45]  yields  the  minimum  modulus  of  elasticity. 
The  laminate  with  raster  angles  of  [0/90]  has  the  highest  Young’s  Modulus.  The  experiments  with 
the  orthogonal -ply  symmetric  specimens  were  tested  to  determine  the  same  in-plane  moduli.  The 
specimens  with  raster  angles  of  [0/90],  [30/-60],  [45/-45],  and  [15/-75]  were  manufactured  with 
the  same  thickness  of  1 1  layers.  These  experimentally  determined  values  were  then  compared  with 
the  theoretically  predicted  values  to  evaluate  the  effectiveness  of  the  proposed  laminate  modeling 
approach,  in  Table  3  and  marked  as  in  Figure  4.  The  experiment  data  were  in  good  agreement 
with  the  results  of  laminate  modeling. 

4.  Example 

The  purpose  of  the  study  of  mechanical  behaviors  of  FDM  prototypes  is  to  establish  the 
models  for  design  and  fabrication  of  the  parts  with  the  desired  mechanical  properties  through  local 
composition  control.  This  can  be  carried  out  with  FDM  process  by  changing  deposition  density 
and  orientations  to  obtain  the  requried  properties. 

The  design  of  the  example  part  with  graded  mechanical  properties  is  shown  in  Figure  5a). 
Assume  that  the  geometrical  and  functional  constraints  require  the  smaller  section  with  equal  or 
higher  stiffness  than  that  of  the  larger  section  areas.  Therefore,  the  properties  are  gradient  along 
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Table  4:  Configuration  of  the  axis 


h 

h 

/3 

Length(mm) 

20 

20 

20 

Deposition  strategy^ 

[0/0] 

[0/90] 

[45/-45] 

Gap  ()um) 

-25.4 

-25.4 

-25.4 

■^xx 

2137.7 

1718.7 

Figure  5:  An  axis  with  gradient  property. 


Axis  X.  Different  deposition  strategies  and  deposition  densities  were  used  for  different  sections 
of  the  part  to  meet  the  requirements  as  listed  in  Table  4.  Young’s  modulus  E^x  of  each  section 
calculated  according  to  the  stiffness  modeling  are  listed  in  the  table.  If  an  external  axial  force  P  is 
applied  at  each  end,  the  overall  elongation  AL  is  calculated  using  the  following  equation: 


AL  = 


PLj 

Ei^A{x) 


dx. 


(11) 


where  Li  is  the  length  of  each  section,  is  the  Young’s  Modulus  of  the  sectoin,  and  Ai{x)  is 
the  cross-sectional  area  of  the  section.  With  locally  controlled  deposition  density  and  deposition 
orientation,  it  is  possible  to  make  the  section  with  smaller  cross-sectional  area  as  stiff  as,  or  even 
stiffer  than,  the  section  with  bigger  cross-sectional  area. 


5.  Concluding  Remarks 

The  design  and  fabrication  of  products  with  LCP  would  make  it  possible  to  create  a  new  class 
of  products  with  desired  mechanical  and  material  characteristics.  This  paper  reported  a  study  on 
modeling  of  in-plane  mechanical  properties  of  FDM  prototypes  relating  to  fabrication  parameters. 
Based  on  both  the  theoretical  and  the  experimental  analyses,  a  set  of  new  equations  of  calculating 
the  elastic  constants  were  proposed  and  validated,  which  were  used  to  determine  the  constitutive 
models  of  FDM  parts.  An  example  was  presented  to  illustrate  the  design  and  fabrication  of  the 
FDM  prototypes  with  required  mechanical  properties  by  locally  controlled  deposition  density  and 
orientations.  Different  deposition  densities,  angles  and  their  combinations  can  be  employed  in 
producing  the  required  stiffness  properties  of  manufactured  parts.  The  further  study  is  currently 
underway  in  investigating  void  geometry  and  density  with  more  manufacturing  parameters. 
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ABSTRACT 

The  feasibility  of  dental  restorations  has  been  investigated  using  a  multi- materials  laser 
densification  (MMLD)  process,  where  dental  alloy  and  porcelain  powders  are  laser  densified  layer 
by  layer  to  form  solid  bodies.  The  present  study  focuses  on  the  densification  behavior  of  dental 
porcelain  powders  in  response  to  a  moving  laser  source.  Effects  of  the  laser  processing  temperature 
and  the  green  density  of  the  powder  bed  on  microstructure,  distortion,  macro-cracks,  porosities  and 
phase  contents  of  the  laser  densified  porcelain  have  been  investigated.  The  condition  to  generate 
continuous  porcelain  bodies  from  powder  compacts  have  also  be  studied.  It  is  found  that  the 
geometry,  composition  and  density  of  densified  porcelain  bodies  are  strongly  affected  by  the  laser 
processing  temperature  and  the  green  density  of  the  powder  compact. 


INTRODUCTION 


Dental  porcelain-  fused- to-metal  (PFM)  restorations  are  fabricated  by  fusing  the  porcelain  to 
the  metal  at  high  temperatures.  PFM  restoration  is  a  very  time  consuming  and  labor  intensive  work 
because  PFM  restoration  requires  a  multi-stage  process  using  multiple  materials  (both  ceramics  and 
metals)  and  each  stage  involves  multiple  processing  steps  [1].  Typically,  4-8  labor  hours  are 
needed  to  make  the  dental  restoration  of  a  three- unit  bridge.  As  such,  labor  costs  accoimt  for  about 
90%  of  the  final  cost  to  the  patient  while  dental  materials  occupy  only  less  than  5%.  The  current 
project  is  to  develop  a  novel  multi- materials  laser  densification  (MMLD)  process  for  dental 
restorations.  This  process  utilizes  laser-assisted  solid  freeform  fabrication  (SFF)  to  fabricate 
artificial  dental  units  layer-by-layer  directly  from  a  computer  model  without  part-specific  tooling 
and  human  intervention.  As  such,  the  labor  cost  will  be  substantially  reduced,  and  better  and  faster 
dental  restorations  will  be  achieved. 

To  develop  a  robust  MMLD  process  for  dental  restoration,  the  densification  behavior  of 
dental  alloys  and  porcelains  in  response  to  a  moving  laser  source  needs  to  be  investigated.  Some 
investigation  results  on  dental  nickel  alloys  have  been  reported  in  a  previous  paper  [2].  The  present 
study  focuses  on  laser  sintering  of  the  dental  porcelain  delivered  in  both  loose  powder  and  paste 
form.  Effects  of  the  laser  processing  temperature  and  the  green  density  of  the  powder  bed  on 
microstructure,  distortion,  macro-cracks,  porosities  and  phase  contents  of  the  laser  densified 
porcelain  have  been  investigated.  The  condition  to  generate  continuous  porcelain  bodies  from 
powder  compacts  have  also  been  studied.  The  results  are  presented  below. 
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EXPERIMENTAL 


Starting  Materials  -  The  dental  porcelain  powder  was  provided  by  Degussa-Ney  Dental 
Inc.,  Bloomfield,  CT.  The  chemical  composition  of  the  porcelain  is  confidential;  however,  it  is 
within  5%  of  the  nominal  composition  of  the  Weinstein  patent  [3],  which  has  the  following 
composition  (wt%):  63.40%  Si02,  16.70%  AI2O3,  1.50%  CaO,  0.80%  MgO,  3.41%  Na20,  and 
14.19%  KaO.  The  typical  morphology  and  microstructure  of  the  porcelain  powder  are  shown  in 
Figure  1  and  its  main  properties  are  summarized  in  Table  1.  It  can  be  seen  that  the  as-received 
dental  porcelain  material  is  composed  of  two  phases,  one  being  the  feldspar-based  glass  matrix  and 
the  other  the  crystalline  leucite  (K20  Al2034Si02).  Leucite  has  a  high  coefficient  of  thermal 
expansion  (CTE)  and  raises  the  inherently  low  CTE  of  the  feldspathic  glass  matrix  to  match  that  of 
the  PFM  dental  alloys,  typically  13.8  ~  16.9  x  10'^  K’’.  The  CTE  is  one  of  the  most  critical  issues 
regarding  dental  restorations  because  the  potential  for  micro- cracking  due  to  mismatch  in  CTE 
between  the  dental  alloy  and  porcelain  cannot  be  overlooked.  From  Table  1  it  can  be  seen  that  the 
CTE  of  the  dental  porcelain  is  close  to  that  of  the  dental  alloy  (13.8  ~  16.9  x  10'^  K'*). 


Table  1.  Properties  of  Dental  Porcelai 

in  Powder 

Particle 

Size 

Particle 

Shape 

Glass  Transition 
Temperature 

Softening 

Point 

Coefficient  of  Thennal  Expansion 

1  -  50  microns 

Angular 

~  580'’C 

~  650'’C 

14.4-14.9  X  lO'^K" 

Figure  1.  The  as-received  dental  porcelain  powder  contains  crystalline  leucite  before  PFM  and  MMLD 
process:  (a)  an  overview  of  several  porcelain  particles,  and  (b)  the  microstructure  of  the  porcelain  powder, 
showing  leucite  particles  dispersed  in  the  feldspathic  glass  matrix. 

Laser  Densillcation  Process  -  An  integrated  SFF  system  was  used  for  the  laser 
densification  process  during  which  a  continuous  wave  laser  beam  was  emitted  from  a  SOW  CO2 
laser,  and  steered  into  a  atmosphere-controlling  chamber  by  a  series  of  motion-controlled  mirrors, 
hitting  and  sintering  the  desired  areas  of  the  powder  bed  surface.  The  whole  sintering  process  was 
closed- loop- temperature  controlled  through  a  pyrometer  by  comparing  the  pyrometer  reading  with  a 
user-defined  target  surface  temperature.  The  effect  of  the  target  surface  temperature  on  the  quality 
of  laser  densified  porcelain  bodies  was  evaluated.  The  dependence  of  the  quality  of  laser  densified 
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porcelain  bodies  on  green  density  of  powder  compacts  was  also  investigated  by  comparing  the 
results  obtained  from  a  dry  powder  bed  and  a  dried  powder  paste.  The  dry  powder  bed  was  a  loose 
powder  compact.  However,  the  paste  was  prepared  by  dispersing  the  porcelain  powder  in  de- ionized 
water,  then  delivered  on  a  steel  substrate,  and  finally  dried  on  an  electric  plate  before  laser 
densification. 

Microstructure  Characterization  -  Densified  porcelain  bodies  were  mounted  with  epoxy 
and  finish-polished  with  one -micron  diamond  suspension.  The  polished  coupons  were  subsequently 
etched  in  1%  hydrofluoric  (HF)  acid  for  20  seconds  and  then  gold  sputter- coated  before 
characterized  using  an  environmental  scanning  electron  microscope  (PHILIPS  ESEM  2020),  or 
examined  using  a  digital  optical  microscopy.  The  x-ray  energy-dispersive  spectrometry  (EDS)  was 
used  to  evaluate  the  chemical  composition. 

RESULTS  AND  DISCUSSION 


Effects  of  the  Green  Density  of  Porcelain  Powder  Compacts  -  Typical  microstructures  of 
laser  densified  porcelain  bodies  using  a  dry  powder  bed  and  a  dried  powder  paste  are  shown  in 
Figure  2.  It  is  obvious  that  the  densified  porcelain  body  derived  from  the  dried  powder  paste  has  a 
better  quality  than  that  derived  from  the  dry  powder  bed.  Specifically,  the  dried  powder  paste  has 
led  to  smooth  surfaces  at  both  the  top  and  bottom  of  the  densified  body,  whereas  the  dry  powder 
bed  has  resulted  in  the  densified  part  that  contains  substantial  amounts  of  porosities  and  voids.  The 
marked  difference  is  believed  to  be  due  to  the  high  green  density  achieved  via  the  dried  powder 
paste.  Thus,  it  can  be  concluded  that  the  high  powder  packing  density  in  the  dried  paste  is  beneficial 
for  obtaining  laser- densified  bodies  with  good  surface  finish  and  low  porosities. 


Figure  2.  Typical  morphology  of  laser  processed  porcelain  bodies  from  (a)  a  dried  powder  paste  and  (b)  a  dry 
powder  bed. 


Temperature  Dependence  of  the  Quality  of  Densified  Bodies  -  The  effect  of  the  laser 
sintering  temperature  was  evaluated  by  comparing  the  parts  laser  processed  with  single  line 
scanning  under  different  target  surface  temperatures.  Shown  in  Figure  3  are  the  overall  morphology 
and  microstructures  of  the  laser  densified  bodies  using  different  target  surface  temperatures.  The  top 
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Figure  3.  Morphology  of  laser  densified  porcelain  bodies  with  scanning  speed  0.24  mm/s  and  the  target 
surface  temperature  of  (a)  900°C,  (b)  1000°C,  and  (c)  1050°C.  The  top  micrographs  of  (a),  (b)  and  (c)  are 
obtained  before  etching  and  the  bottom  micrographs  after  etching,  (d)  is  a  high  magnification  micrograph  of 
Zone  B  shown  in  (a). 

A  close  examination  of  Figure  3  reveals  that  a  laser  processed  body  can  normally  be  divided 
into  three  distinct  zones,  A,  B  and  C.  Furthermore,  the  processed  body  may  contain  macro-cracks 
and  bubbles  as  marked  in  Figures  3(b)  and  (c).  Zone  A  is  the  region  that  appears  featureless  even 
after  etching  (Figure  4),  suggesting  that  this  zone  does  not  contain  leucite  particles.  Zone  B  is  the 
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region  where  leueite  particles  are  finely  dispersed  in  the  feldspathic  glass  matrix  (Figure  3d),  and  it 
has  a  similar  microstructure  as  the  as-received  porcelain  powder  (Figure  lb).  Zone  C  is  the  area 
with  little  laser  sintering. 


Figure  4.  The  typical  appearance 
of  Zone  A. 


It  is  noted  that  Zone  A  appears  at  the  location  where  the  laser  beam  center  has  traveled 
through.  Thus,  Zone  A  has  been  exposed  to  a  much  higher  temperature  than  the  surrounding  area 
because  of  the  Gaussian  power  distribution  of  the  laser  beam.  In  order  to  understand  the  appearance 
of  Zone  A,  the  various  zones  in  Figure  3  have  been  examined  using  the  energy-dispersive 
spectrometry.  The  results  are  shown  in  Figure  5.  For  comparison,  the  EDS  results  of  the  traditional 
PFM  dental  body  feldspathic  matrix  and  leueite  precipitates  are  also  included  in  the  figure. 

As  expected,  the  EDS  of  the  traditional  PFM  body  shows  that  the  glass  matrix  contains 
lower  potassium  concentration  than  the  leueite  particles  [3,4].  Furthermore,  the  matrix  contains 
sodium  and  calcium  both  of  which  are  not  found  in  the  leueite  particles,  again  consistent  with  the 
porcelain  and  leueite  compositions  [3,4].  A  comparison  between  the  traditional  PFM  porcelain  body 
(Fig.  5(a)  and  (b))  and  the  laser  densified  body  (Fig.  5(c)  and  (d))  indicates  that  both  the  matrix  and 
leueite  in  the  laser  processed  body  have  lower  potassium  concentrations  than  the  counterparts  in  the 
traditional  PFM  porcelain  body.  This  suggests  that  some  of  the  potassium,  a  volatile  element,  has 
evaporated  in  the  laser  densification  process.  The  loss  of  the  potassium  is  especially  severe  at  the 
locus  of  the  laser  beam  center  where  the  temperature  is  the  highest.  It  is  also  noted  that  Zone  A 
always  appears  at  the  locus  of  the  laser  beam  center  (Figure  3)  and  has  the  lowest  potassium 
concentration  (Figure  5(e))  among  all  the  regions  measured  in  this  study.  It  has  been  well 
established  that  the  feldspathic  porcelain  needs  a  minimum  amount  of  potassium  to  form  leueite 
precipitates  [5,6].  Thus,  the  disappearance  of  leueite  particles  in  Zone  A  is  due  to  the  substantial 
loss  of  the  potassium  element  in  that  particular  area.  Since  the  appearance  of  Zone  A  is  associated 
with  the  loss  of  potassium.  Zone  A  is  then  expected  to  increase  with  increasing  the  target  surface 
temperature.  This  is  exactly  what  we  observed  in  the  experiment.  As  shown  in  Figure  3,  there  is  no 
Zone  A  when  the  target  surface  temperature  is  low  (e.g.,  900°C).  Zone  A  appears  when  the  target 
surface  temperature  is  set  at  lOOO^C  and  becomes  larger  when  the  target  surface  temperature  is 
1050"C. 


Macro-cracks,  Bubbles  and  Distortion  -  The  integrity  of  the  densified  porcelain  body  is 
one  of  the  important  criteria  for  determining  what  laser  processing  conditions  should  be.  Figure  3 
reveals  three  major  defects  that  degrade  the  integrity  of  the  laser  densified  porcelain  body.  These 
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are  (i)  macro-cracks,  (ii)  bubbles  and  (iii)  distortion.  Macro-cracks  appear  only  when  the  laser 
processing  temperature  is  high  (e.g.,  1000  and  1050°C  of  the  target  surface  temperature).  Further, 
the  higher  the  target  surface  temperature  is,  the  larger  the  macro-crack  is,  as  exhibited  by  Figures 
3(b)  and  (c).  These  results  suggest  that  macro-cracks  are  caused  by  thermal  shock.  Higher  laser 
processing  temperatures  lead  to  higher  temperature  gradients  between  the  top  and  bottom  of  the 
densified  porcelain  body,  thereby  producing  more  severe  thermal  shock  and  larger  macro- cracks. 
Thus,  to  avoid  macro-cracks  the  target  surface  temperature  should  not  be  too  high.  900*’C  appears 
to  be  appropriate  for  the  porcelain  used  in  this  study.  Preheating  of  the  substrate  may  be  a  useful 
approach  to  combat  the  macro- cracking  problem  especially  when  a  high  target  surface  temperature 
is  required  for  densification  of  the  porcelain  body. 
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Figure  5.  EDS  of  (a)  the  feldspathic  glass  matrix 
and  (b)  leucite  precipitates  in  the  traditional 
PFM  porcelain  body,  (c)  the  feldspathic  glass 
matrix  and  (d)  leucite  precipitates  in  Zone  B  of 
the  laser  densified  porcelain  body,  and  (e)  Zone 
A  in  Figure  4. 
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The  appearance  of  large  bubbles  in  the  densified  porcelain  body  also  appears  to  be 
associated  with  high  laser  processing  temperatures.  As  shown  in  Figures  3(b)  and  (c),  most  of  the 
large  bubbles  gather  around  Zone  A.  The  formation  of  the  bubble  clusters  around  Zone  A  is  clearly 
undesirable  and  efforts  are  currently  under  way  to  identify  the  exact  mechanism  and  prevent  its 
formation. 

Finally,  it  is  noted  that  regardless  the  laser  processing  temperature,  the  laser  densified 
porcelain  body  always  exhibits  substantial  distortion,  showing  a  severe  concave  upward  warping 
(Fig.  3).  Our  recent  thermal  and  stress  analyses  of  laser  processing  using  fnite  element  modeling 
[7]  have  indicated  that  such  distortion  is  caused  by  the  temperature  gradient  between  the  top  and 
bottom  surfaces  of  the  densified  body.  One  of  the  methods  to  eliminate  warping  is  having  the  same 
temperature  for  the  top  and  bottom  surfaces  [7].  Although  this  is  hard  to  achieve,  warping  can  be 
minimized  by  preheating  of  the  substrate  so  that  the  temperature  gradient  can  be  reduced. 

Continuity  of  Laser  Densified  Porcelain  Bodies  -  Another  important  issue  for  laser 
densification  of  porcelain  bodies  is  whether  or  not  laser  densified  bodies  are  continuous 
macroscopically.  The  continuity  issue  covers  a  wide  range  of  laser  scanning  conditions.  The 
simplest  case  is  the  continuity  issue  when  a  single-track  laser  scan  is  performed.  The  more 
conplicated  cases  are  the  continuity  issues  when  multi- track  laser  scans  to  form  a  solid  plate  or  a 
single-track  laser  scan  to  form  a  ring,  a  rectangle  or  a  triangle  is  needed.  The  present  study  shows 
that  continuity  is  not  a  problem  for  a  single-track  laser  scan.  However,  continuity  becomes  a 
problem  when  fabrication  of  a  ring-shaped  porcelain  body  is  desired.  Figure  6  shows  a  porcelain 
ring  produced  using  a  single-track  laser  scan  with  the  end  point  of  the  scan  overlapping  with  the 
starting  point.  It  can  be  seen  that  there  is  a  groove  near  the  starting  point,  i.e.,  the  ring  is  not 
smoothly  connected  at  the  starting  point  even  though  the  end  point  of  the  scan  overlaps  with  the 
starting  point.  The  appearance  of  the  groove  is  related  to  the  volume  shrinkage  of  the  porcelain 
powder  changing  to  a  dense  body  and  spheroidizing  of  the  molten  porcelain  under  the  surface 
tension  during  the  laser  melting  and  solidification  process.  The  attempt  to  eliminate  the  groove  by 
overlapping  the  starting  point  of  the  scan  with  the  end  point  by  a  45  degree  additional  scan  was  not 
successful.  Efforts  are  currently  under  way  to  identify  a  suitable  approach  to  eliminate  the  groove. 

Concluding  Remarks 


The  present  study  has  investigated  the  densification  behavior  of  dental  porcelain  powders  in 
response  to  a  moving  laser  source.  Based  on  this  investigation,  the  following  conclusions  can  be 
made. 

(a)  The  high  powder  packing  density  is  beneficial  for  obtaining  laser  densified  bodies  with  good 
surface  finish  and  low  porosities. 

(b)  The  potassium  content  in  the  laser  densified  porcelain  body  is  lower  than  that  of  traditional  PFM 
body  because  of  the  volatile  nature  of  potassium  and  the  high  local  temperature  at  the  center  of 
the  laser  beam. 

(c)  When  the  target  surface  temperature  is  higher  than  1000°C,  tie  leucite  content  at  the  locus  of 
the  laser  beam  center  is  substantially  reduced.  As  a  result  of  this  large  loss  of  potassium,  a 
leucite- free  zone  is  formed.  The  size  of  the  leucite- free  zone  increases  with  increasing  the  target 
surface  temperature. 

(d)  Thermal  shock- induced  macro- cracks  appear  when  the  laser  processing  temperature  is  too  high 
(e.g.,  the  target  surface  temperature  greater  than  1000°C).  The  higher  the  target  surface 
temperature  is,  the  more  severe  the  cracking  phenomena. 
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(e)  Regardless  the  laser  processing  temperature,  the  laser  densified  porcelain  body  always  exhibits 
substantial  distortion,  showing  a  severe  concave  upward  warping.  Such  distortion  is  caused  by 
the  temperature  gradient  between  the  top  and  bottom  surfaces  of  the  densified  body. 

(t)  The  macroscopic  continuity  of  laser  densified  porcelain  bodies  may  become  a  problem  when 
fabrication  of  a  porcelain  body  with  a  shape  having  macroscopic  connectivity  such  as  rings  and 
triangles  are  performed. 

Acknowledgement  -  The  authors  gratefully  acknowledge  financial  support  provided  by  the 
National  Science  Foundation  under  Grant  No:  DMI-9908249. 


Figure  6.  Top  view  of  a  ring-shaped 
porcelain  body  fabricated  using  a 
single-track  laser  scan  with  the  end 
point  of  the  scan  overlapping  with 
the  starting  point,  showing  the 
presence  of  a  groove  near  the 
starting  point. 
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This  paper  introduces  a  three-stage  process  to  fabricate  highly  dense  Ti3SiC2  structures.  The 
properties  of  Ti3SiC2  material,  the  synthesis  of  the  ceramic  powder,  the  procedure  involved  in 
the  3-stage  fabrication  process  and  the  preliminary  results  on  fabricating  fully  dense  Ti3SiC2 

structures  are  presented.  The  characterization  and  microstructure  evaluation  of  the  mechanical, 
morphological  and  structural  properties  covering  the  compressive  strength,  Vickers  micro 
hardness,  damage  tolerance,  thermal  shock,  shrinkage  and  porosity  of  Ti3SiC2  structures  printed 
using  the  3- stage  process  are  presented. 

1.  Introduction 

Quite  a  few  researches  have  used  freeform  fabrication  techniques  to  directly  prototype 
functional  ceramic  parts  in  order  to  obtain  more  freedom  in  the  design  and  utilization  of  ceramic 
structures  [1].  Studies  include  photopolymer  resin  curing  by  ultraviolet  light  employing  SLA  and 
solid  ground  curing  [2],  thermal  fusion  of  powders  by  laser  scanning  used  in  the  SLS  process  [3], 
adhesion  of  powders  by  disbursal  of  binder  through  an  ink-jet  used  in  three-dimensional  printing 
[4-6],  compacting  and  sintering  of  powders  as  demonstrated  in  the  freeform  powder  molding 
technique  [7],  extrusion  of  thermoplastics  through  a  fixed  diameter  nozzle  in  the  FDM  process 
[8],  using  an  extension  of  the  3D  Printing  technique  to  build  objects  of  variable  density  by 
controlling  microstructure  and  composition  [9],  and  Multiphase  Jet  Solidification  (MJS)  [10]. 
Another  technique  involved  a  further  development  to  the  technology  of  Inkjet  Printing,  wherein, 
the  binder  in  the  printing  cartridge  was  replaced  by  a  ceramic  suspension,  pressurized  in  a 
continuous  ink  jet  printer  [11,12].  Similar  techniques  such  as  Robocasting  [13],  involving  a 
computer-aided  deposition  of  highly  concentrated  ceramic  colloidal  slurries  directly  forming 
complex  shapes  without  the  use  of  molds  or  dies  have  also  been  researched  upon.  Additionally, 
other  similar  techniques  relying  on  the  basic  inkjet  printing  technology  are  the  overprinting 
technique  [14]  using  inkjet  printing  of  electro  ceramics  such  as  lead  zirconate  titanate  (using  a 
piezoelectric  actuator  to  eject  the  ink);  electro  photographic  powder  deposition  [15]  technique 
employing  the  deposition  of  charged  powder  particles  layer-by-layer,  resulting  in  the  precise 
deposition  of  particles  to  the  desired  shape;  electromagnetic  inkjet  printing  [16]  employing  the 
ejection  of  ceramic  inks  via  an  electromagnetic  valve  printing  head  and  dispersion  of  ceramic 
inks  onto  a  substrate  using  an  ultrasonic  vibrating  horn  have  also  been  experimented  upon 
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The  objective  of  this  paper  is  to  present  our  preliminary  studies  on  using  Layered 
Printing,  compacting,  and  sintering  processes  to  fabricate  fully  dense  functional  Titanium  Silicon 
Carbide  (Ti}SiC2)  structures  with  the  comparable  properties  to  the  T6SiC2  bulk  reported  in  [17- 
20].  The  contents  of  this  paper  are  presented  as  follows.  Section  2  briefly  reviews  the  properties 
of  Ti3SiC2  and  the  ceramic  powder  preparation.  Section  3  describes  the  3-stage  process.  The 
fabricated  samples  are  presented  in  Section  4.  The  results  of  structural  characterization,  such  as 
the  compressive  strength,  Vickers  micro  hardness,  damage  tolerance,  thermal  shock,  shrinkage 
and  porosity  and  microstructure  evaluation,  of  Ti3SiC2  structures  are  presented  in  Section  5. 

Summary,  conclusion  and  discussions  are  presented  in  Section  6. 

2.  Ti3SiC2  -  Properties  and  Powder  Preparation 

Titanium  Silicon  Carbide,  a  layered  ternary  ceramic  compound  was  processed  in  bulk,  by 
Dr.  M.  W.  Barsoum  and  Dr.  T.  El-Raghy  at  Drexel  University.  Polycrystalline  bulk  samples  of 
Ti3SiC2  were  synthesized  by  reactively  hot  pressing  Titanium,  Graphite  (Carbon)  and  Silicon 
Carbide  powders  at  a  pressure  of  40  MPa  and  temperature  of  1600  °C  for  4  hours  at  a 
temperature  rate  of  10  °C/min.  [18  -  20].  The  bulk  sample  obtained  as  a  result  of  the  solid  phase 
reaction  was  milled  to  obtain  a  ceramic  powder.  As  a  part  of  the  powder  preparation  process  pure 
Ti3SiC2  powder  is  thoroughly  mixed  with  a  water-soluble  binder  and  dried  to  form  clinker.  The 
resulting  clinker  is  crushed  in  a  powder  mill.  As  a  result  of  this  entire  process  fine  Ti3SiC2 
powder  particles  coated  with  a  film  of  binder  are  obtained.  Further,  the  powder  was  sifted 
through  a  -325  mesh  sieve  to  obtain  an  average  grain  size  of  less  than  40  |Jim.  This  batch  of 
powder  was  used  as  the  build  powder  in  our  study. 

Ti3SiC2  possesses  a  unique  combination  of  mechanical,  electrical  and  thermal  properties 
of  both  metals  and  eeramics.  Like  metals  it  is  an  excellent  electrical  and  thermal  conductor, 
easily  machinable,  relatively  soft,  good  thermal  shock  resistance  and  behaves  plastically  at 
higher  temperatures,  and  like  ceramics  it  is  oxidation  resistant  and  refractory  in  nature[18,19].  It 
has  an  electrical  conductivity  of  4.5  x  10^  ohm"'  m"'  that  is  twice  that  of  pure  Titanium  (2.3  x  10^ 
ohm"'  m'*).  The  thermal  expansion  coefficient,  in  the  temperature  range  of  25  to  1000  °C,  the 
room  temperature  thermal  conductivity  and  heat  capacity  are  9.2  x  10'^  ®C-1, 43  W/m  K  and  588 
J/kg  K  respectively,  these  being  similar  to  that  of  Titanium  namely,  31  W/m  K  and  523  J/Kg  K. 
Its  density  of  4.5  gm/cc  is  roughly  half  the  density  but  almost  double  the  stiffness  of  Nitrogen 
based  super-alloys.  Ti3SiC2  is  relatively  soft  with  Vickers  Hardness  of  2-5  GPa  but  elastically 
stiff  and  easily  machinable. 

A  remarkable  property  of  Ti3SiC2  carbide  is  its  easy  machinablility  in  spite  of  its  high 
stiffness.  The  layered  structure  of  material  and  its  ductility  contributes  to  direct  machinability  to 
close  tolerances  without  any  post  machining  sintering,  whereas  in  other  cases  the  ceramic  needs 
to  be  sintered  after  machining  resulting  in  an  additional  shrinkage.  TbSiC2  is  the  only  carbide 
that  can  be  cut  manually  using  a  hacksaw.  Due  to  its  good  electrical  properties  it  is  also  easily 
shaped  and  cut  using  Electric  Discharge  Machining.  In  addition,  Ti3SiC2  retains  its  mechanical 
properties  at  high  temperatures  and  is  stable  at  temperatures  of  1800  °C  with  excellent  high 
temperature  mechanical  properties  [20].  There  is  no  effect  on  the  bend  strength  of  Ti3SiC2  when 
heated  to  1400  "C  and  quenched.  This  ceramie  actually  increases  in  strength  and  exhibits 
excellent  resistance  to  thermal  shock,  whereas  other  ceramics  have  a  drastic  reduction  in  strength 
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when  subjected  to  the  same  conditions  of  quenching.  The  structural  properties  of  samples 
developed  using  the  3-stage  integrated  process  have  been  evaluated  in  Section  5. 

3.  The  Three-Stage  Fabrication  Process 

The  fabrication  of  ThSiC2  structure  is  divided  into  three  primary  stages  [21]:  1)  solid 
freeform  fabrication,  2)  pressure  compacting,  and  3)  Sintering.  Flow  chart  of  the  3-stage  process 
is  described  in  Figure  1.  In  the  first  stage,  the  part  is  built  using  the  layered  Printing  technique 
employing  the  powder  deposition  and  liquid  binding  technique  to  print  the  part  as  a  layered 
structure,  wherein  the  Ti3SiC2  powder  is  used  as  the  build  material.  In  this  process  the  STL  file 
generated  from  the  corresponding  CAD  model  is  inputted  to  the  prototyping  system  to  generate 
the  process  path.  The  green  part  is  built  by  deposition  of  TfeSiC2  powder  and  binder  spray  (as  per 
the  cross-section  at  the  particular  slice)  layer  by  layer  till  the  entire  part  is  built.  At  this  stage  the 
green  part  has  been  freshly  developed  and  has  a  low  structural  strength.  The  second  stage  is  to 
compact  the  green  part  by  applying  a  high  pressure  on  the  green  part  to  increase  the  density  and 
the  strength  of  the  green  part.  The  last  stage  of  the  process  is  to  sinter  the  compacting  part  in  an 
electric  tube  furnace  at  high  temperature  in  a  flowing  Argon  atmosphere  (inert  atmospheric 
conditions  are  specified  to  prevent  any  oxidation). 


Figure  1:  Three-stage  fabrication  process  for  TfeSiC2  structures 

4.  Fabrication  of  TfeSiCi  Samples 

To  understand  the  effect  of  the  compacting  pressure  on  the  structural  properties  of  the 
Ti3SiC2  samples,  two  sets  of  samples  were  processed.  One  set  of  samples  was  fabricated  using 
the  integrated  3- stage  process,  i.e.,  SFF,  Compacting,  and  Sintering.  While  the  other  set  was 
sintered  directly  without  Compacting  after  SFFP.  The  samples  without  the  compacting  process 
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were  fabricated  with  layer  thickness  of  0.0035”,  0.007”  and  0.01”  and  the  binder  concentration 
of  7  -  40%.  Standard  procedures  were  used  to  prepare  samples  for  structural  and  optical 
characterization. 

Figure  2  shows  different  Ti3SiC2  samples  fabricated  through  the  3- stage  process,  such  as 
a  6-tooth  sprocket,  turbine  wheel  and  hollow  tube  (Figure  2),  and  the  master  sample  for  test  and 
characterization  (Figure  3).  Figure  2a  to  2c  show  the  samples  at  different  process  stages,  namely, 
SFF  green  parts  (2a),  compacted  parts  (2b),  and  sintered  parts  (2c).  The  master  sample  shown  in 
Figure  3  was  used  as  the  test  specimen.  Test  samples  for  mechanical  property  evaluation  were 
derived  from  the  master  sample.  The  layer  thickness  for  fabricating  the  master  sample  was  fixed 
at  0.0035”.  The  densities  achieved  for  samples  fabricated  using  the  3-stage  technique  were  over 
99%. 


b)  Compacting 


c)  Sintering 


Figure  2;  Parts  fabricated  using  the  3-stage  process 


Figure  3:  Master  sample  (layered  structure)  fabricated  using  the  3-stage  process 
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5.  Mechanical  Testing  and  Microscopic  Evaluation 


The  mechanical  testing  and  microscopic  evaluation  of  the  prototyped  T^SiCa  samples 
were  conducted  to  evaluate  the  compressive  strength,  Vickers  micro  hardness,  damage  tolerance, 
thermal  shock,  shrinkage  and  porosity  (Figure  4).  A  summary  of  the  results  is  presented  in  this 
section.  Comparisons  have  been  made  with  the  available  data  reported  in  the  references.  It  needs 
to  be  pointed  out  that  the  TisSiCa  powder  batch  used  in  our  samples  contained  about  30  -  40% 
more  TiC  (Titanium  Carbide)  than  the  powder  used  in  reference  [20],  and  hence  the  results 
reported  here  are  higher  than  the  reported  data  due  to  the  presence  of  the  excessive  amount  TiC. 


Mechanical 

Evaluation 


.SFF,:;'';:" 

I  &  II  sets  of 
samples., . 


Sintering 


Sample  prepar^ion; 


Without 

compacted 


Figure  4:  Mechanical  characterization  and  microscopic  evaluation  of  T^SiCatest  samples 

The  test  specimens  were  cut  from  the  master  sample  (Figure  3)  using  an  EDM.  Parallel 
machining  was  ensured  to  minimize  any  irregularities  in  dimensions  of  the  test  samples.  For  the 
evaluation  of  micro  hardness  and  optical  microstructure,  samples  cut  from  the  master  sample, 
were  subjected  to  a  grinding  sequence  of  300,  500  and  1200  grit  Silicon  Carbide  paper  and  later 
polished  to  a  mirror  finish  on  3  |xm  and  1  pm  diamond  suspension  using  a  Struers  Rotopol 
automatic  polishing  machine.The  specimens  for  compression  testing  were  cut  from  the  master 
sample  in  the  X  and  Z  axes  of  the  printing  development,  and  for  damage  tolerance  and  thermal 
shock  in  the  X  and  Y  axes  of  the  printing  development.  The  sides  of  the  specimen  were  ground 
on  800  and  1200  grit  Silicon  Carbide  paper  to  remove  burrs  and  flashes.  This  was  done  to 
minimize  the  possibility  of  error  during  the  four  point  bend  test.  The  specimens  for  the  damage 
tolerance  tests  were  marked  with  an  indentation  using  a  Vickers  Indenter,  on  the  tensile  side  of 
the  specimen  with  indentation  loads  of  100,  200  and  300  N.  It  was  ensured  that  the  indentation 
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was  in  the  region  of  maximum  bending  of  the  specimen.  The  samples  for  the  thermal  shock  tests 
were  heated  upto  pre-quench  temperatures  of  400  °C,  800  °C  and  1200  ®C. 

5.1  Compression  Strength 


The  compression  tests  were  conducted  on  test  specimens  measuring  3mm  x  3mm  x  6mm 
cut  along  the  X  and  Z  axes  of  the  printing  using  a  servo -hydraulic  testing  machine  (MTS  System, 
Eden  Priarie,  MN)  at  a  constant  crosshead  speed  of  0.01  mm/s.  Friction  and  mutual  sliding 
between  the  Testing  Machine  platens  and  the  specimen  surfaces  was  minimized  by  the 
application  of  anti- friction  grease.  The  breaking  stress  in  compression  was  calculated  as: 

a  =  Load  /  Area 

The  Load  -  Displacement  curve  is  presented  in  Figure  5.  It  is  observed  that  the 
deformation  in  compression  of  the  test  specimen  is  linear  to  failure  and  does  not  exhibit  any 
plastic  deformation  behavior,  with  the  failure  being  that  of  a  brittle  fracture.  The  results  of  the 
compression  tests  were  calculated  based  on  an  average  of  five  measurements.  The  average 
breaking  strength  in  compression  at  a  breaking  load  of  10.3  KN  was  found  to  be  1 144.44  MPa  in 
the  XY  plane  of  the  printing,  and  at  a  breaking  load  of  1 1.03  KN  was  1225  MPa  in  the  Z  plane, 
both  at  a  strain  rate  of  0.0016/s.  The  observed  difference  in  strength  along  the  two  independent 
planes  or  axes  leads  us  to  believe  that  the  strength  property  is  anisotropic  due  to  the  Layered 
Printing  process.  Although  the  micrographs  (presented  later)  do  not  reveal  any  texture  in  the 
specimen,  we  believe  that  there  is  a  process- induced  anisotropy  in  the  printed  structure.  The 
reported  compressive  strength  of  compacted  and  sintered  (without  SFF)  coarse-grained  TbSiC2 
samples  at  room  temperature  is  720  MPa  [20].  The  test  results  conform  to  the  reported 
compressive  strength  values  for  compacted  (without  SFF)  and  sintered  coarse-grained  Ti3SiC2 
samples,  with  a  proportional  increase  observed  due  to  the  presence  of  30  -  40%  of  TiC. 
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Figure  5:  Load  -  Displacement  curve  and  compressive  strength 


208 


5.2  Vickers  Micro  Hardness 


The  micro-hardness  test  was  conducted  on  polished  sample  surfaces  using  a  Leco  M-400 
(St.  Joseph,  MI)  diamond  indenter  at  loads  of  1,  3,  5  and  10  N.  The  diagonal  values  of  the 
indentations  were  measmed,  an  average  of  the  diagonal  lengths  (Figure  6)  was  calculated  and  a 
conversion  was  obtained  from  the  corresponding  Vickers  charts  to  derive  the  Vickers  Micro 
Hardness. 


Di 


Micrograph 

Figure  6:  Indentation  obtained  using  Leco  M400  Micro  Hardness  Tester 

The  micro  hardness  values  have  been  presented  as  an  average  of  five  measurements.  The 
hardness  obtained  for  the  samples  was  in  the  range  of  12.3  -  9.4  GPa  for  an  indentation  load  of  1 

-  10  N  (Figure  7).  Further,  the  hardness  seemed  to  have  stabilized  at  9  GPa,  i.e,  Vickers 
Hardness  at  increased  loads  will  result  in  the  stabilized  value.  The  Vickers  hardness  of 
compacted  and  sintered  (without  SFF)  TibSiC2  samples  has  been  reported  to  be  in  the  range  of  8 

-  4  GPa  for  samples  obtained  from  fine  grained  TbSiC2  with  load  increasing  from  1  N  to  100  N, 
and  for  coarse-grained  samples  the  reported  range  is  5  -  4  GPa  for  the  same  range  of  indentation 
load  [20].  The  hardness  value  asymptotically  stabilizes  at  4  GPa  for  loads  greater  than  100  N. 
This  corresponds  to  the  similar  trend  observed  in  the  SFF  samples.  The  results  obtained  conform 
to  the  established  values  for  Ti3SiC2  .  An  increase  in  VHN,  as  we  believed,  is  due  to  the  presence 
of  excessive  30  -  40%  of  TiC  imparting  greater  hardness  to  the  samples. 
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Figure  7:  Vickers  Micro  Hardness  for  Ti3SiC2  samples 
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5.3  Damage  Tolerance 


For  the  dama^  tolerance  tests  the  specimens  were  prepared  as  per  ASTM  Cl  161  type  A 
(25mm  x  1.5  mm  x  2  mm)  along  the  X  and  Y  directions  of  SFF  Layered  Printing.  Indentations 
on  these  specimens  were  performed  using  a  Vickers  indenter  under  loads  of  100,  200  and  300  N, 
with  one  diagonal  of  the  indenter  parallel  to  the  length  of  the  specimen.  The  flexural  strength 
after  indentation  was  determined  by  a  four  point  bend  test  as  per  the  procedure  in  ASTM  C  1 161 
and  ASTM  C  1211  using  a  four  point  flexural  fixture.  The  cross  head  speed  was  set  for  0.01 
mm/s,  this  corresponds  to  an  average  strain  rate  of  0.0066/s.  To  remove  any  surface  defects  that 
could  act  as  a  crack  initiation  site  under  load,  the  tensile  surfaces  of  the  specimens  were  polished 
with  1200  grit  Silicon  Carbide  prior  to  the  indentation. 


The  results  for  damage  tolerance  are  reported  as  an  average  of  five  measurements  taken 
for  each  indentation  load.  The  results  reported  here  are  for  indentation  loads  of  100,  200  and  300 
N.  Damage  tolerance  was  recorded  as  a  measure  of  the  breaking  strength  in  a  four-point  bend 
test.  The  retained  flexural  strength  as  a  result  of  indentation  decreases  from  387.33  MPa  at  no 
load  to  251.67  MPa  at  300  N  for  the  sample  length  along  the  X-axis  of  the  printing  dierction,  and 
decreases  from  385  MPa  to  242.92  MPa  for  the  sample  length  along  the  Y-axis,  as  shown  in 
Figure  8.  The  flexural  strength  of  compacted  and  sintered  (without  SFF)  Ti3SiC2  samples  has 
been  reported  to  be  in  the  range  of  300  MPa  at  no  load  to  240  MPa  for  a  300  N  indentation  load 
in  the  case  of  coarse-grained  samples  [20].  The  flexural  strength  decreased  steadily  with  the 
increase  in  the  indentation  load.  This  trend  is  reflected  in  SFF  samples,  and  the  results  conform 
well  to  the  reported  data  for  coarse-grained  Ti}SiC2. 


Damage  Tolerance 


Indentation  Load  (H) 

3DP-XAxis  -*-3DP-YAxis 


Direction  of  4  point  bend  lest.;  3DP  -  X  Axis 


Indentation  Load  (N) 

0 

387,33 

100 

317.50 

200 

289.17 

300 

251.67 

Direction  of  4  point  bend  }gsU3DP  -  Y  Axis 


Indentation  Load  (N) 

MQR(M5j) 

0 

385.00 

100 

290.67 

200  1 

270,67 

300 

242.92 

Figure  8:  Damage  Tolerance  for  Ti3SiC2  samples 


5.4  Thermal  Shock 

For  the  thermal  shock  resistance,  specimens  conforming  to  ASTM  Cl  161  type  A  (25mm 
X  1.5  mm  x  2  mm)  along  the  X  and  Y  directions  of  the  printing  were  placed  in  a  furnace  at  the 
pre-quench  temperatures  of  400,  800  and  1200  ®C,  under  flowing  argon  (to  prevent  the  formation 
of  any  oxide  layers)  for  10  minutes.  The  samples  were  then  immediately  quenched  into  an 
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ambient  temperature  water  bath.  The  quenched  samples  were  tested  according  to  the  ASTM 
Cl  161  and  ASTM  C  1211  using  a  four  point  flexural  fixture.  All  four  point  bend  tests  were 
conducted  using  a  servo -hydraulic  MTS  Systems  testing  machine  running  at  a  cross  head  speed 
of  0.01  mm/s,  corresponding  to  a  nominal  strain  rate  of  0.0066  /s.  In  both  cases,  thermal  shock 
resistance  and  damage  tolerance,  the  flexural  strength  was  calculated  using  the  following 
formula: 


a  =  3  P  (li-U)  /  (2  B  W  ^ ) 

where  P  is  the  load  at  fracture,  //  and  I2  are  the  outer  and  the  iimer  span,  respectively,  B  is  the 
specimen  width  (2  mm),  and  W  is  the  specimen  thickness  (1.5  mm).  The  four-point  bend  fixture 
used  had  an  outer  span  of  20  mm  and  inner  span  of  10  mm.  The  fixture  rollers  were  free  to 
rotate,  but  constricted  laterally  in  this  setup.  The  mutual  friction  between  the  sample  and  the 
rollers  was  eliminated  by  the  application  of  a  very  thin  film  of  anti-fnction  oil  on  the  roller 
interface. 

The  results  for  thermal  shock  are  reported  as  an  average  of  five  measurements  taken  for 
each  temperature  condition.  Thermal  shock  has  been  reported  as  a  measure  of  the  flexural 
strength  of  the  sample  under  the  four-point  bend  test.  The  tests  were  conducted  at  room 
temperature,  400  °C,  800  °C  and  1200  °C.  The  retained  flexural  strengths  for  the  sample  length 
along  the  X-axis  of  the  printing  are  in  the  range  of  387.33  -  21 1.67  MPa  and  395  - 174.58  MPa 
for  the  sample  length  along  the  Y-axis  of  the  printing.  The  test  samples  thermally  shock  up  to 
400  “C  and  the  Module  of  Rapture  further  stabilizes  and  is  retained  up  to  1200  “C.  Beyond  800 
°C,  an  increase  in  post  quench  strength  is  observed  in  both  sample  sets,  as  shown  in  Figure  9. 
The  flexural  strength  of  compacted  and  sintered  (without  SFF)  TibSiC2  samples  subjected  to 
thermal  shock  are  about  260  MPa  for  a  temperature  of  1400  °C  for  coarse  grained  samples  and 
ranging  from  560  -  170  MPa  over  a  temperature  range  of  500  °C  to  1100  °C  for  fine  grained 
samples  [20].  It  is  observed  that  coarse  grained  samples  retain  flexiual  strength  up  to  a 
temperature  of  1400  °C  and  are  thus  thermal  shock  resistant,  whereas  fine  grained  samples 
thermally  shock  between  750  °C  and  1000  "C  [20]. 


Thermal  Shock 
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Figure  9:  Thermal  Shock  Resistance  for  TbSiC2  samples 
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The  test  results  reflect  the  reported  results  of  thermal  shock  resistance  and  the  increasing 
trend  of  post  quench  strength  at  temperatures  of  800  °C  for  coarse-grained  Ti3SiC2.  Additionally, 
it  is  also  observed  that  the  flexural  strength  along  the  X-axis  of  the  printing  is  greater  than  that 
along  the  Y-axis.  This  is  mainly  due  to  the  layered  nature  of  the  Layered  Printing  technique.  The 
published  results  of  the  Module  of  Rapture  for  damage  tolerance  and  thermal  shock  for  TbSiC2 
samples  are  as  per  tests  conducted  without  regard  for  the  axis  of  development.  The  presented 
values  as  per  this  research  demonstrate  the  anisotropy  in  strength  arrived  at  as  a  result  of  the 
Layered  Printing  process. 

5.5  Porosity  and  Shrinkage 

The  physical  shrinkage  of  each  of  the  samples  was  measured  and  calculated  as  a  function 
of  the  linear  dimensions  D,  of  the  individual  parts.  The  shrinkage  was  calculated  as  a  percentage 
after  each  process,  namely.  Layered  Printing,  Compacting,  and  Sintering. 

Shrinkage  =  (D  prc-proecss~  D  po$t-process  )  /  D  prc-proccss 

The  percentage  porosity  is  an  average  of  5  independent  representative  regions  of  the 
sample  surface  under  test.  The  sample  that  was  derived  form  the  master  sample  (subjected  to  the 
post  RP  processes  of  compacting  and  sintering)  had  a  density  of  greater  than  99%.  For  the 
samples  developed  by  varying  the  binder  concentration  and  layer  thickness  during  the  Layered 
Printing  process  and  directly  sintering  without  compacting,  the  porosity  obtained  from  the 
surface  calculations  of  the  micrographs  show  an  average  porosity  of  50  -  60%.  This  shows  that 
compacting  is  the  dominant  process  in  improving  the  density  of  the  part.  This  is  quite  noticeable 
comparing  the  micrographs  between  Figures  10  and  Figure  12.  The  optical  microscope  was  used 
to  measure  the  cross-sectional  porosities  of  each  sample.  The  supporting  software  provides 
image  capture,  threshold  and  density  slice  tools  by  which  percentage  of  black  and  white  phases 
are  measured  directly.  The  average  porosity  for  each  sample  is  calculated  as  a  mean  value  for  the 
data  retrieved  by  the  random  choice  of  at  least  5  representative  points  on  each  sample  surface. 

The  shrinkages  after  each  stage  of  the  integrated  process  were  calculated  as  a  percentage 
for  the  sprocket,  turbine  wheel  and  tube  as  listed  in  Table  1.  The  average  shrinkage  measured 
after  the  compacting  was  in  the  range  of  15%  and  after  sintering  was  about  30%. 

Table  1;  Shrinkage  data  for  parts  developed  using  the  integrated  3-stage  process 
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5.6  Optical  Microscopy 

Micrographs  of  the  various  samples  representing  dense  and  porous  structures  were 
acquired  using  the  Olympus  PM-3G  Optieal  Microscope.  From  the  micrographs  shown  in 
Figures  10,  we  observe  that  the  part  density  is  in  excess  of  99%  in  the  planes  XY,  XZ  and  YZ 
through  the  3-satge  process.  The  sample  structures  exhibiting  greater  than  99%  density  show  a 
homogeneous  distribution  of  grains  without  any  texture  within  the  powder  matrix  as  shown  in 
Figures  11.  The  main  cause  of  high  density  and  structural  homogeneity  is  due  to  the  compacting 
process.  In  the  case  of  the  samples  exhibiting  porous  structure  it  is  observed  that  the  average 
porosity  measured  is  about  50  -  60%  as  shown  in  Figure  12.  From  the  micrographs  we  observe 
that  the  sintering  without  compacting  leads  to  binder  burnout  and  results  in  the  part  being  porous. 
This  explains  the  voids  (dark  regions)  on  the  micrographs  as  shown  in  Figures  12.  Further,  the 
increased  binder  concentration  increases  the  possibility  of  sintering  of  a  lower  quality. 


Figure  10:  Micrographs  of  XY,  XZ  and  YZ  planes  of  the  master  sample 
With  density  greater  than  99%  (200  |xm) 


Figure  11:  Micrographs  of  the  cross-section  of  the  master  sample  with  density 
greater  than  99%  at  X  500  and  X  1000  magnification 


Figure  12:  Micrograph  of  sample  with  porosity  at  60%  (porous  structure)  (200  |xm) 
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6.  Summary  and  Conclusions 

This  paper  introduces  an  integrated  process  of  Layered  Printing,  Compacting,  and 
Sintering  to  fabricate  highly  dense  Ti3SiC2  structures.  Experiments  were  conducted  to  study  the 

mechanical  characteristics  and  the  effect  of  the  processing  parameters  on  the  morphological  and 
structural  properties  of  the  fabricated  Ti3SiC2  structures.  The  results  of  the  mechanical 
characterization  and  the  microstructure  evaluation  of  Ti3SiC2  structures  have  been  presented. 
The  resulting  sintered  parts  were  achieved  with  a  density  of  greater  than  99%.  As  a  post 
processing  surface  finishing  the  parts  can  be  subjected  to  a  grinding  and  polishing  sequence  to 
obtain  a  mirror  finish.  As  a  demonstration  of  the  machinability  of  the  SFF  parts,  EDM  was  used 
to  cut  the  test  samples  and  polished  them  to  obtain  required  Igm  surface  finish.  This  integrated 
process  was  used  to  freeform  fabricate  structures  with  complex  shapes,  as  shown  in  Figures  2.  A 
density  of  greater  than  99%  was  achieved  for  each  of  these  parts. 

The  Load  -  Displacement  curves  show  a  linear  to  failure  deformation  behavior  of  the 
Ti3SiC2  specimens.  The  results  of  the  mechanical  characterization  for  the  Ti5SiC2  samples  also 
reveal  an  anisotropy  in  the  mechanical  properties,  for  example,  the  compressive  strength, 
damage  tolerance  and  thermal  shock  properties  are  greater  along  a  certain  axis  of  the  printing 
development.  Although  the  SEM  micrographs  show  a  homogeneous  grain  distribution  of  Ti3SiC2 
powder  without  any  texture  within  the  part  matrix,  we  believe  that  the  layered  printing  process 
contributes  to  the  anisotropy  in  the  prototyped  structure.  The  results  from  the  tests  for 
compressive  strength,  hardness,  damage  tolerance  and  thermal  shock  are  comparable  to  the 
reported  data  for  Ti3SiC2,  considering  the  effect  of  the  presence  of  excessive  30  -  40%  TiC  in  the 
Ti3SiC2  powder  used  in  the  fabrication  of  samples  under  test. 

The  samples  fabricated  using  the  3-stage  process  achieved  a  density  of  greater  than  99%, 
while  samples  without  the  compacting  had  a  porosity  in  the  range  of  50  -  60%.  This  shows  that 
compacting  is  the  dominant  process  leading  to  the  high  structural  density.  The  average  shrinkage 
measured  after  compacting  was  in  the  range  of  15%  and  after  sintering  was  30%.  The  main  cause 
of  high  density  and  structural  homogeneity  is  due  to  the  compacting  process.  A  certain  amount  of 
warpage  was  observed  after  the  printing.  We  believe  that  this  is  mainly  due  to  the  capillary 
forces  distributed  in  the  powder  matrix  during  the  printing  process.  The  maximum  warpage 
occurred  along  the  Y-axis  (longest  dimension)  of  the  printing  and  was  further  enhanced  after  the 
compacting  process. 

In  comparison  to  other  Solid  Freeform  Fabrication  methods  for  prototyping  dense  and 
functional  structure,  the  developed  3- stage  process  is  simplicity  and  cost-effective.  However,  the 
process  of  a  larger  scale  and  complicated  geometry  needs  to  be  developed  further  to  possibly 
eliminate  the  compacting  process,  thus  to  avoid  the  part  collapse  and  to  retain  the  designed 
geometry.  The  process- induced  anisotropy  and  its  relation  with  the  processing  parameter  and 
part  geometry  need  also  to  be  further  investigated. 
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Abstract 

Slurry-based  3DP™  (S-3DP™)  is  a  solid  freeform  fabrication  technique  developed  at  MIT  for 
production  of  fine  ceramic  components  with  complex  geometries  and  fired  densities  in  excess  of 
99%  of  theoretical  density.  Current  research  involves  identification  of  the  factors  controlling 
minimum  feature  size  in  S-3DP™.  The  ink-jet  printed  binder  droplet  size  is  the  primary  factor 
controlling  the  minimum  feature  dimension  when  deposited  on  the  powder  layers.  For  a  given 
droplet  size,  however,  a  balance  between  spreading  of  the  binder  solution  on  the  surface  of  the  S- 
3DP™  powderbed  and  infiltration  determine  the  feature  size,  while  interactions  between  the 
polymeric  binder  and  the  powder  surface  (polymer  adsorption)  control  the  minimum  feature 
cross-section.  Droplet-on-demand  printing  of  the  binder  solution  has  been  introduced  to  improve 
resolution,  decreasing  the  minimum  feature  width  from  300  |xm  to  less  than  150  pm. 

Introduction 

Three  Dimensional  Printing  (3DP™)  is  a  Solid  Freeform  Fabrication  (SFF)  technique  developed 
at  MIT.  As  with  other  SFF  techniques  it  is  a  process  based  on  using  sequential  2D  slices  of  an 
image  to  build  up  a  3D  component.  Presently  there  are  two  main  approaches  to  3DP™, 
traditional  3DP^^  and  S-3DP™.  The  difference  between  the  two  lies  in  the  method  used  to  form 
the  sequential  layers  in  which  the  2D  slices  are  deposited.  Previous  research  has  focused  on  dry 
powder  spreading  methods  such  as  shown  in  Figure  1  where  a  vibrating  roller  spreads  dry 
powder  from  a  reservoir  over  a  piston  to  form  a  layer.  A  2D  image  of  the  component  cross 
section  is  generated  from  a  CAD  file,  and  this  image  is  deposited  into  the  powder  layer  using 
inkjet  printing.  The  powder  particles  are  bound  together  in  only  the  areas  where  printing  occurs. 
The  process  is  repeated  until  a  complete  3D  part  is  formed  within  the  bed.  Powder  in  the  areas 
where  binder  is  not  deposited  is  excess  and  provides  support  to  the  part  being  generated. 


A  w  M. 


Figure  1;  Schematic  of  the  traditional  (dry-powder)  3DP™  process. 
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3DP  and  S-3DP  use  the  same  methods  for  depositing  binder.  Each  layer  is,  however, 
formed  in  S-3DP™  by  slip  casting  a  slurry  of  ceramic  powder  onto  a  porous  substrate  which  is 
mounted  on  a  piston.  S-3DP™  has  been  described  in  detail  by  Grau'  and  is  shown  schematically 
in  Figiure  2.  Individual  green  layers  are  formed  by  rastering  a  jet  of  ceramic  slurry  (typically  ~30 
vol.%  ceramic  in  a  water,  water-alcohol,  or  alcohol  vehicle)  over  a  porous  substrate.  The 
individual  jetted  beads  slip  cast  and  stitch  to  one  another  and  to  the  previous  layer.  The  slurry 
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solids  loading,  the  volumetric  flow  rate  of  slurry,  the  spacing  between  raster  lines,  and  the  cast 
(green)  density  of  the  layer  determine  the  green  layer  thickness.  A  drying  step  removes  the 
excess  solvent/dispersing  medium.  Binder  is  then  printed  in  a  manner  that  is  identical  to  that 
used  in  traditional  (dry  powder)  3DP™.  Continuous  ink-jet  printing  is  practiced  by  pressurized 
flow  of  an  electrically  grounded  solution  through  a  ruby  orifice.  The  resulting  stream  breaks  up 
into  droplets  at  the  Rayleigh  frequency  by  a  piezo  and  is  raster  scanned  across  the  surface  of  the 
powderbed.  The  stream  off  droplets  can  be  turned  “on”  or  “off’  to  define  the  part  edges  by 
charging  the  droplets  and  deflecting  them  into  a  catcher,  as  shown  in  Figure  3.  The  surrounding 
green  powderbed  acts  as  a  support  structure  for  thin  sections  and  overhangs,  as  in  traditional 
3DP^  .  The  binder  system  currently  used  is  a  solution  of  polyacrylic  acid,  PAA  (MW  60000), 
from  2  to  5  vol.%,  either  aqueous  or  in  ethanol.  Glycerol  is  added  to  the  solution  to  cross  link 
the  binder  during  subsequent  curing.  The  printed  green  components  are  contained  in  the  slip  cast 
block  of  green  ceramic  (the  powderbed)  upon  completion  of  the  building  process.  The 
powderbed  is  heated  to  150°C  for  an  hour  in  Argon  to  cure  the  binder  and  make  it  insoluble. 
The  entire  block  is  then  submersed  in  water  (or  in  some  cases  ethanol),  and  the  un-printed  region 
redisperses,  swells,  and  sloughs  off,  leaving  the  printed  component.  Polyethylene  glycol  (PEG, 
MW  400)  is  added  to  the  ceramic  sluny  to  aid  in  this  redispersion  process.  Minor  sonication 
removes  any  residual  powder  contained  in  internal  structures. 


Figure  3:  Schematic  of  continuos  jet  print-head  turned  “Off’ 
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Line  merging  is  a  new  layer  forming  method  that  avoids  inter-line  defects  and  reduces  the  line 
ridges  (roughness  at  the  top  surface  of  the  bed)  seen  in  rastered  powderbeds,  while  offering  the 
potential  for  higher  production  rates.  These  failings  of  the  conventional  jet  rastering  layer 
forming  method  required  that  a  more  continuous  slurry  spreading  process  be  developed  to 
minimize  or  eliminate  the  line  ridge  defects.  In  the  new  line  merging  approach,  the  nozzle  path 
of  conventional  jet  rastering  is  maintained,  but  the  inter-arrival  time  is  reduced  dramatically 
through  machine  design,  and  the  slurry  chemistry  is  adjusted  to  slow  the  rate  of  slip  casting. 
Thus,  the  jet  rastering  approach  is  made  to  approximate  a  continuous  deposition  process,  as 
follows:  If  the  inter-arrival  time  is  reduced  enough,  line  N+1  is  deposited  before  line  N  is  fully 
slip  cast,  and  the  curvatures  of  the  wet  lines  merge  seamlessly  together  into  a  uniform  “wet 
front”  which  advances  steadily  across  the  powderbed,  as  seen  in  Figure  4.  Polito^  implemented 
this  approach  and  showed  that  the  resulting  powderbed  had  significantly  reduced  line  ridge  and 
inter-line  defects. 


Figure  4:  Schematic  diagram  of  line  merging  concept 


Printing  style  can  effect  printed  part  definition.  The  conventional  print  style  is  to  raster  the 
binder  nozzle  across  the  powderbed  surface.  Alternatively,  a  vector  approach  can  be  used  where 
the  outline  of  the  part  is  first  traced  with  the  binder  stream  then  the  interior  of  the  part  is  printed 
with  the  raster-type  method.  Vector  printing  the  parts  in  this  manner  requires  a  much  lower 
droplet  frequency  and  more  control  on  the  placement  of  each  individual  drop  than  CJ  printing 
could  offer.  Drop  on  Demand  (DoD)  printing  provides  this  by  generating  each  drop  with  a 
specific  electronic  waveform  applied  to  a  piezo.  The  waveform  expands  then  contracts  the 
hollow  cylindrical  piezo  around  a  steel  tube  carrying  the  binder,  creating  one  droplet.  DoD 
printing  generates  droplets  in  the  range  of  IkHz  while  CJ  printing  operates  at  25-60kHz.  Figures 
5(a)  and  5(b)  show  the  difference  in  droplet  placement  between  raster-style  printing  and  vector- 
style  printing. 


a) 


Figure  5: 
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Surface  Roughness 


The  roughness  of  the  top  surfaee  of  printed  parts  originates  from  the  layer  forming  method. 
Eaeh  deposited  line  of  slurry  slip  casts  before  the  next  is  deposited  and  naturally  form  a  rounded 
shape  with  conventional  slurry  jet  rastering.  This  process  results  in  “ridges”  along  the  width  of 
the  completed  layer  which  transfer  to  the  printed  part.  Slurry  line  merging,  described  above, 
attempts  to  overcome  this  problem.  Figure  6  compares  images  of  two  powderbeds  as  well  as 
laser  profilometry  measurements  made  of  the  beds^. 


Cross  Section  Profile:  No  Merging 
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Figure  6:  Top:  Image  of  conventional  (left)  and  merged  (right)  alumina  powderbed. 

Bottom:  Profilometry  measurement  of  conventional  (left)  and  merged  (right) 
bed. 


The  roughness  on  the  vertical  sidewalls  of  a  printed  is  controlled  by  binder  droplet  registration 
and  by  the  shape  of  the  binder  primitive.  Droplet  registration  depends  on  the  capabilities  of  the 
machine  used  as  well  as  the  stability  of  the  binder  stream.  The  binder  primitive  is  the  shape  that 
a  single  printed  line  (or  droplet)  of  binder  creates  in  a  powderbed  and  is  shown  in  Figure  7.  The 
aspect  ratio  of  the  primitive,  the  ratio  of  the  width  to  depth,  is  controlled  by  binder  adsorption  to 
the  particles  as  well  as  the  liquid  infiltration  behavior  of  the  binder.  A  lower  aspect  ratio 
primitive  allows  for  lower  sidewall  surface  roughness.  The  height  of  each  layer  and  the  amount 
of  binder  printed  must  be  set  to  values  where  the  layer  height  is  in  the  approximate  proportion 
shown  in  Figure  7^. 
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Figure  7:  Cross  section  of  binder  primitive  formed  with  CJ  printing  in  an  alumina 
powderbed.  Hatched  lines  show  proportion  of  layer  height  to  binder 
primitive  to  reduce  sidewall  roughness. 

The  roughness  of  the  bottom  surface  of  printed  parts  can  be  represented  by  the  image  shown  in 
Figure  8(b).  Bottom  surfaces  exhibit  low  roughness.  This  can  be  attributed  to  the  large  amount 
of  overlapping  of  binder  primitives  that  occurs  within  layers  of  printed  parts'^. 


Figures  8:  Images  showing  a)  sidewall  and  b)  bottom  siuface  roughness.  Images  are 
of  S-3DP™  MR2  components. 


Layer  Height 

The  controlling  parameters  for  the  height  of  a  jetted  layer  of  slurry  are  the  slurry  flow  rate, 
nozzle  diameter,  raster  line  spacing,  nozzle  raster  speed,  and  the  packing  fraction  of  the  slip  cast. 
Presently,  the  smallest  layer  height  achieved  with  S-3DP™  is  13|xm,  using  an  alumina  slurry^. 
The  maximum  layer  height  is  set  by  the  Critical  Saturation  Thickness  (CST)  and  is  discussed  in 
detail  by  Grau\  The  CST  defines  the  maximum  thickness  that  powderbed  can  be  100% 
saturated  with  liquid  before  cracking  of  that  layer  occurs  due  to  drying  stresses.  The  surface 
tension  and  pore  size  both  affect  the  value  of  the  CST,  with  larger  pores  and  lower  surface 
tension  increasing  the  CST. 

Line  Width  by  CJ  and  DOD  Printing 

Large  area  AC  plasma  display  panels  (PDP)  usually  employ  a  barrier  rib  structure  to  separate  the 
sub-pixels  of  red,  blue  and  green  colors.  To  achieve  high  image  quality,  the  barrier  ribs  must 
have  high  dimensional  accuracy.  S-3DP™  offers  the  potential  of  producing  large  size 
components  while  retaining  high  dimensional  accuracy.  Uniform  ribs  have  been  produced  by  CJ 
printing  using  a  binder  nozzle  size  of  30  p.m^  and  alumina  as  the  material  system  to  demonstrate 
the  capability  of  S-3DP™.  The  rib  width  of  300  |a,m  shown  in  Figure  9  was  obtained  after 
sintering,  while  the  green  rib  width  was  about  330  |a.m.  This  is  still  larger  than  the  required 
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width  for  PDFs  but  the  rib  width  can  be  reduced  further  by  increasing  the  printhead  velocity  and 
by  decreasing  the  size  of  binder  printing  nozzle  and  binder  flowing  rate.  Another  method  to 
reduce  the  printing  line  width  is  S-3DP^“-DoD  printing.  The  minimum  line  width  presently 
achieved  with  DoD  printing  in  alumina  with  an  average  droplet  size  of  40  |xm  is  150  pm  ,  as 
shown  in  Figure  10. 


Figure  9:  Optical  microscope  cross  section  Figure  10:  The  minimum  line  width  produced 
image  of  the  S-aDP^*^  ribs  by  vector  DOD  printing 


Edge  smoothness  has  also  been  improved  with  the  DoD  printing.  The  cross  section  of  the  printed 
RF  filter  is  shown  in  Figure  ll’.  The  edges  in  Figure  11  are  smooth  and  show  high  accuracy  of 
definition.  The  mm- wave  package  in  Figure  12’  also  shows  sharp  and  accurate  edge  definitions. 


Figure  11:  SEM  cross  section  image  of  the  S- 

3DpTM  RF  filter 


Figure  12:  Green  S-3DP™  mm  wave  package 


Structures,  such  as  EBG  (electromagnetic  band  gap)  devices  and  RF  filters,  with  through  and 
blind  holes  have  been  produced  by  the  DoD  printing.  Figures  13(a)  and  13(b)  show  the  front  and 
rear  views  of  the  S-3DP™  RF  filter  while  Figures  14(a)  and  14(b)  show  those  of  the  S-3DP™ 
EBG  device’. 
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Figure  13(a):  The  front  view  of  the  S-3DP™  Figure  13(b):  The  rear  view  of  the  S-3DP™ 
RF  filter  RF  filter 


Figure  14(b):  The  rear  view  of  the  S-3DP™  EBG  device 


Complex  structures  with  higher  accuracy  for  various  applications  can  now  be  produced  using  S- 
3DP,  as  shown  in  Figures  15,  16,  17,  18,  19,  and  20^’'*’’.  The  green  packing  density  of  the  parts 
is  higher  than  58%  and  therefore  the  final  density  with  more  than  99.9%  of  the  theoretical 
density  after  sintering  is  easily  obtained. 

Conclusion 

Slurry  based  Three  Dimensional  Printing  has  been  shown  to  fabricate  high-density  ceramic 
components  of  complex  geometry.  S-3DP™  component  production  has  been  achieved  with 
alumina,  titania,  silica,  silicon  nitride,  MR2,  and  Tungsten  Carbide-Cobalt  with  no  foreseeable 
material  limitations.  The  results  presented  for  the  process  capabilities  can  still  be  optimized  for 
further  accuracy  or  resolution  and  systems  for  mass  production  are  under  development. 
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Figure  15:  Green  and  dense  BaTiOs-based  RF  Figure  16:  Green  and  dense  BaTiOs-based 
filters  EBG  devices 


Figure  17:  Dense  AI2O3  stator  Figure  18:  Dense  AI2O3  toroid 


Figure  19:  Dense  AI2O3  rotor 


Figure  20:  Dense  AI2O3  sample  geometry 
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Abstract 

Fabrication  of  functional  ceramics  and  composites  has  been  attempted  using  fused  deposition  of 
ceramics  process.  In  this  work,  first  a  polypropylene  (PP)  binder  system  has  been  developed  for 
the  FDM.  The  PP  binder  system  was  mixed  with  ceramic  powders  and  then  extruded  in  the  form 
of  filament  for  the  FDC.  Controlled  porosity  eeramic  parts  were  directly  fabricated  using  a  FDM 
1650  machine  with  mullite,  fused  silica  and  titania  powder  loaded  green  filaments.  The  parts 
were  then  binder  removed  and  sintered.  Some  of  the  porous  parts  were  then  infiltrated  in  A1 
metal  to  form  the  metal-ceramic  composites.  This  artiele  discusses  feedstock  development,  part 
fabrieation  and  methods  to  improve  the  quality  of  parts  during  proeessing. 

Introduction 

Rapid  prototyping  (RP)  or  solid  freeform  fabrication  (SFF)  is  a  technique  in  manufacturing  in 
which  a  solid  physical  model  of  a  part  is  made  direetly  from  a  three-dimensional  computer-aided 
design  (CAD)  file.  There  are  several  RP  techniques  are  available.  Some  of  the  most  eommon 
RP  techniques  include  stereolithography  (SLA),  selective  laser  sintering  (SLS),  fused  deposition 
modeling  (FDM),  3-D  printing  and  sanders  prototyping.  Fused  deposition  modeling  (FDM)  is 
the  RP  technique  used  in  this  study. 

FDM,  a  solid-based  RP  technique,  is  commercialized  by  Stratasys  Inc.  (Eden  Prairie,  MN). 
FDM  is  an  extrusion-based  layered  manufacturing  process  in  which  semi-solid  thermoplastic 
poljmiers  gets  deposited  on  a  platform  through  a  nozzle  fitted  into  a  heated  liquifier  eontrolled  in 
X  and  Y  direetions.  The  eold  filament  at  the  top  of  the  liquefier  acts  as  a  piston,  creating  a 
positive  pressure  to  extrude  fine  roads  of  molten  material  through  the  nozzle.  The  motion  of  the 
FDM  head  (X-Y  direetion)  and  platform  (Z  direction)  is  controlled  by  the  eomputer,  based  on  the 
CAD  design  of  the  prototype  been  built.  After  the  head  has  completed  the  first  layer,  the 
platform  indexes  down  set  by  the  sliee  thiekness  and  the  second  layer  gets  deposited  on  top  of 
the  first  layer.  This  process  eontinues  until  all  layers  are  complete,  leaving  a  solid  model  of  the 
desired  part.  There  are  several  variables  that  controls  part  quality  in  FDM.  Among  the  materials 
related  variables  critical  to  FDM  include  surfaee  chemistry,  melt  viscosity,  stiffness,  heat 
capaeity  and  adhesiveness.  Commercially  available  materials  for  FDM  inelude  wax,  ABS  and 
nylon. 

Fused  deposition  of  eeramies  (FDC)  is  a  modified  FDM  process  where  eeramic  powder  loaded 
thermoplastie  filaments  are  extruded  through  the  FDM  [1-4].  During  fused  deposition  of 
eeramies,  thermoplastic  polymers  melt  earry  the  eeramic  powders  along  with  it.  The  green 
eeramic  parts  are  similar  to  injection-molded  parts  having  40-45  volume  %  binder  in  it.  The 
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parts  are  then  subjected  to  a  binder  removal  and  sintering  cycle  for  densification.  The  process 
development  for  FDC  work  requires  optimization  of  thermoplastic  binder  composition,  filament 
fabrication,  FDC  and  binder  burn  out  and  sintering  cycle  development. 

Basic  requirements  for  the  development  of  the  FDC  feedstock  filaments  include  low  viscosity, 
high  strength,  high  strain  and  high  modulus.  The  high  strength  enables  the  filament  to  act  as  a 
piston  during  the  FDC  to  prevent  buckling.  Low  viscosity  would  prevent  back  flow  of  molten 
material.  Binder  system  development  is  a  major  key  to  a  successful  FDC  process.  The  binder 
system  could  be  viewed  as  a  parent  that  nurtures  a  child  until  the  child  is  able  to  live  on  his/her 
own.  Good  properties  of  a  binder  system  such  as  low  viscosity,  high  strength,  high  strain,  high 
modulus  and  easy  binder  burnout  would  enable  the  green  filament  to  be  easily  fabricated  in  the 
FDC  process  into  green  structures  and  the  green  structures  to  survive  the  post  processing.  The 
properties  of  ceramic  powders  introduced  into  the  thermoplastic  binder  system  are  very 
important  too.  The  most  important  parameters  one  needs  to  consider  when  choosing  ceramic 
powders  are  surface  area,  chemical  composition,  particle  size  and  their  distribution.  Fine¬ 
grained,  wide-size  distribution  ceramic  powders  lower  the  overall  viscosity  of  the  FDC  mixture 
during  compounding.  When  developing  green  filament,  it  is  very  desired  to  have  the  maximum 
solids  loading  of  ceramics  for  reduced  problems  during  post  processing. 

Fabrication  of  the  FDC  feedstock  such  as  mullite  (3AI2O3,  2Si02),  fused  silica  (Si02),  titanium 
dioxide  (Ti02),  and  alumina  (AI2O3)  involves  three  distinct  processing  steps.  The  first  step 
involves  the  composition  formulation  of  binder  system  and  compounding  of  binder  system  and 
ceramic  powder.  The  second  step  involves  the  extrusion  of  compounded  mixtures  into  filament. 
The  third  step  involves  the  FDC  to  fabricate  high  quality,  structural  parts.  Binder  removal  and 
sintering  are  the  post  operations.  Other  post  operations  in  the  FDC  process  could  include 
trimming  or  filing  of  seam  lines  in  FDC  parts  while  in  the  green  state  before  binder  removal  and 
sintering.  Good  optimization  of  material  and  build  parameters  (e.g.  head  speed,  flow  rate,  pre- 
flow,  build  temperatures)  in  the  FDM  software  could  prevent  some  of  these  post-processing 
operations. 


Development  of  binder  system  for  FDC 

A  binder  system  was  developed  from  an  in-house  polypropylene-based  FDM  feedstock.  The 
binder  system  was  developed  from  commercially  available  thermoplastic  materials.  The 
prevalent  components  of  the  binder  system  are  polypropylene  base  polymer,  wax,  tackifier, 
plasticizer  and  elastomer.  Table  1  summarizes  the  role  of  each  constituent  material  in  the  binder 
system  and  the  FDC  feedstock. 


Binder  constituent/s 

Characteristics  | 

Base  polymer  (polypropylene) 

Act  as  the  backbone  of  the  filament  and  gives  1 
strength  I 

Tackifier 

Enables  tackiness  and  provides  flexibility  I 

Elastomer 

Provides  elasticity  and  flexibility 

Plasticizer 

Provides  plasticity  to  filament  for  spooling 

Wax 

Reduces  viscosity 

Table  1:  FDC  filament  constituent/s  and  their  eharacteristics 
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The  base  pol5mier  gives  strength  to  the  entire  filament.  The  role  of  the  base  binder  is  to  act  as 
the  “backbone”  or  “strength  giver”  in  the  overall  FDC  feedstock  formulation.  The  base  polymer 
is  the  most  difficult  to  choose,  specifically  because  the  other  constituents  are  chosen  to  modify 
the  properties  of  the  base  polymer.  It  should  exhibit  low  viscosity,  high  strength,  and  good 
flexibility.  The  wax  component  in  the  FDC  filament  reduces  the  viscosity  of  the  filament 
formulation.  The  tackifying  component  or  tackifier  provides  tackiness  and  also  increases  the 
flexibility  of  the  filament  composition.  The  plasticizer  provides  plasticity  and  flexibility.  It  also 
provides  some  strength  to  the  filament.  The  elastomer  provides  elasticity  and  flexibility.  The 
elasticity  in  the  filament  helps  to  achieve  a  uniform  feed  rate  during  the  FDC  operation  without 
any  breakage  of  the  filament.  The  elastomer  also  enables  the  filament  to  be  spooled  without  any 
significant  plastic  deformation. 

Polypropylene,  wax,  tackifier,  plasticizer,  and  elastomer  are  general  names  that  represent 
different  groups  of  materials  that  behave  in  a  certain  way  or  have  almost  same  characteristics. 
These  materials  are  produced  by  different  manufacturers  with  different  properties  or 
characteristics.  It’s  the  responsibility  of  the  FDC  feedstock  developer  to  hand  pick  the  best 
brand  of  polymer  and  additives  that  would  produce  a  good  binder  system  and  eventual  FDC 
feedstock.  Mechanical  testing  was  performed  on  several  brands  of  materials  fi’om  different 
groups  and  manufacturers.  The  vendor’s  materials  with  the  highest  strength,  highest  strain,  and 
lowest  viscosity  were  selected  as  the  FDC  filament  constituent  for  the  composition  formulation 
of  the  binder  system. 

Experiment  matrix  as  a  technique  of  the  DOE  (Design  of  experiment)  was  used  to  organize  and 
evaluate  experimentation  to  obtain  the  best  binder  system  composition.  The  matrix  helps  better 
understand  what  and  how  each  constituent  influences  the  base  polymer  and  the  binder  system. 
The  matrix  was  also  used  to  understand  how  volume  percent  solids  loading  of  ceramic  powders 
influence  the  binder  system  and  the  corresponding  FDC  feedstock.  The  matrix  contains  results 
of  mechanical  testing  (strength  [MPa],  strain  [mm/mm],  rheology  torque  [Nm])  of  strategic 
compositions.  Results  of  these  various  compositions  and  the  outcome  of  sintered  parts  fabricated 
from  the  FDC  feedstock  were  used  to  tailor  a  desirable  binder  system  for  the  FDC. 

A  binder  system  has  been  developed  from  the  above  methodology.  The  binder  system  has  been 
used  to  load  55  volume  %  of  mullite,  fused  silica,  and  titanium  dioxide  ceramic  powders.  The 
mullite  feedstock  in  volume  %  comprises  of  47.93%  mullite  powder  +  6.85%  alumina  powder  + 
0.69%  MgO  +  the  developed  binder  system.  The  fused  silica  feedstock  comprises  of  53%  fused 
silica  +  3%  MgO  +  the  developed  binder  system.  The  titanium  dioxide  feedstock  comprises  of 
51%  titanium  dioxide  +  4%  MgO  +  the  developed  binder  system.  The  developed  binder  system 
is  composed  of  44%  polypropylene  +  13.9%  elastomer  +  18.7%  plasticizer  +  7.8%  tackifier  + 
15.6%  wax. 


Filament  fabrication  for  the  FDC 

Compounding  of  binder  system  and  ceramic  powders  (mullite,  fused  silica,  and  titanium  dioxide) 
was  done  with  the  aid  of  a  Haake  polylab  system  (Paramus,  NJ).  All  FDC  compositions  were 
compounded  at  180°C  at  roller  speed  of  120  rpm  for  80  minutes  in  a  48.3  cm'^ -mixing  bowl.  The 
neat  binder  is  first  compounded  for  about  15  to  20  minutes  before  ceramic  powders  are  added  to 
the  binder.  Compounded  mixtures  are  allowed  to  cool  down  to  room  temperature  before  they  are 
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granulated  into  smaller  size  particles  for  extrusion.  Ceramic  powders  especially  fused  silica 
tends  to  absorb  moisture  from  the  surroundings,  which  could  reduce  the  strength  of  the  FDC 
filament.  Granulated  compounded  mixtures  were  subjected  to  moisture  removal  in  a  vacuum 
oven  prior  to  filament  extrusion.  All  the  compounded  mixtures  were  extruded  at  a  screw  speed 
of  7  rpm  and  170”C  (zonel)  to  172‘’C  (zone2)  to  174°C  (zone3)  to  168”C  (die  zone)  through  a 
1.78  mm  diameter  rod  die.  A  horizontal  conveyor  belt  was  attached  to  the  extruder  for 
continuous  fabrication  of  filament  and  subsequent  spooling.  The  speed  of  the  conveyor  belt  is 
very  critical  in  obtaining  a  filament  of  1.78  mm  in  diameter. 

Fused  deposition  of  ceramics 

The  extruded  filaments  were  used  as  feedstock  for  the  Stratasys  FDM  1 650  machine  to  create 
high  quality  parts.  A  small  length  of  filament  was  first  used  to  fill  the  empty  FDM  liquefier 
heated  to  a  particular  temperature  until  the  filament  is  extruded  in  a  continuous  semi-molten, 
string-like  manner  through  the  liquefier’s  nozzles.  These  steps  are  repeated  for  all  temperatures 
between  200‘’C  and  265‘’C  until  a  suitable  extrusion  rate  through  the  nozzles  was  attained.  Set- 
point  temperatures  for  building  ceramic  parts  from  the  filaments  of  mullite,  fused  silica,  and 
titanium  dioxide  were  established  at  235°C  and  237“C  for  both  main  and  support  build 
temperatures,  respectively.  Envelope  temperature  of  48°C  and  material  flow  rate  of  1 30%  was 
established  for  part  building. 

FDM  machines  come  with  some  preset  parameters  for  different  materials  such  as  pre-flow,  start- 
flow,  main  flow,  roll  back  and  head  speed.  These  values  are  preset  in  Stratasys’  Quickslice 
software  for  filaments  such  as  ICW-06  wax  and  ABS.  The  FDC  filaments  have  different 
material  characteristics  (such  as  viscosity,  melting  points,  drag  coefficient)  from  the 
commercially  available  FDM  filaments.  New  sets  of  material-dependent  values  had  to  be 
established  for  the  FDC  filaments  to  improve  the  quality  of  parts.  Using  the  DOE  as  a  tool 
coupled  with  optimization,  a  new  set  of  material  dependent  values  was  established  for  the  FDC 
filaments  (Table  2).  Several  parts  were  build  using  these  parameters  with  mullite,  fused  silica 
and  titania  powder  loaded  filaments.  Figure  1  and  2  show  mullite  and  fused  silica  parts 
processed  via  the  FDC. 


Material  dependent  parameters 

Values  for  FDC  feedstocks:  mullite,  Si02 
and  Ti02 

Pre-flow 

79 

Start  flow 

37 

Start  distance 

60 

Main  flow 

150 

Roll  back 

153 

Head  speed 

700 

Table  2:  Material-dependent  parameters  for  the  FDC  filaments 

Binder  removal  and  sintering 

Binder  removal  and  sintering  are  part  of  the  post  processing  operations.  Binder  removal  and 
sintering  was  done  in  two  stages.  In  the  first  stage,  all  the  binders  were  removed.  Different 
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heating  rates  were  used  in  various  temperature  intervals  to  prevent  surface  and  internal  cracking 
of  the  samples.  At  low  temperatures  (<  200°C),  liquid  binder  component(s)  were  removed  via 
capillary  action  to  the  surrounding  setter  bed  of  alumina  powder  in  which  FDC  parts  were 
embedded.  At  a  temperature  over  200°C,  evaporation  and  decomposition  of  the  residual  binders 
remove  the  remaining  binders.  The  second  stage  is  the  sintering  or  densification  stage.  This  was 
done  at  a  temperature  of  1650”C  and  hold  time  of  3  hours.  These  two  stages  of  binder  removal 
and  sintering  helped  to  fabricate  high  quality  ceramic  parts.  Linear  shrinkage  after  binder 
removal  and  sintering  for  the  FDC  part  was  established  at  10-12%  for  mullite  parts  and  8-12% 
for  fused  silica  parts.  Figure  3  shows  three  sintered  mullite  parts. 

FDC  part  quality 

Visual  inspection  and  the  dimensional  accuracy  of  FDC  parts  determined  the  part  quality.  The 
dimensional  accuracy  and  tolerance  of  all  the  FDC  parts  were  found  to  be  very  good  in 
comparison  to  commercially  available  FDM  feedstock  for  Stratasys’  FDM  1650  machine.  Parts 
created  were  very  close  to  the  net  shape  and  dimension  of  the  CAD/STL  files.  All  part 
dimensions  were  measured  within  +/- 1%  of  the  original  dimensions. 

Different  types  of  defects  in  the  FDC  parts  are  classified  into  two  main  categories:  (1)  surface 
defects,  (2)  internal  defects.  Surface  defects  were  minimal  but  visible  to  the  naked  eye.  Two 
common  surface  defects  are  the  staircase  and  chordal  effect.  Staircase  defect  is  a  common  defect 
of  most  RP  methods  and  is  caused  due  to  layered  manufacturing.  Reducing  the  thickness  of  each 
layer  during  operation  can  reduce  this  defect.  Chordal  effect  originates  in  the  STL  format  of  the 
CAD.  The  STL  is  very  similar  to  meshing  in  finite  element  analysis  by  approximating  the 
surfaces  of  the  CAD  model  with  triangles.  Highly  curved  surfaces  must  employ  many  triangles. 
The  smaller  the  mesh  sizes  of  curved  surfaces,  the  better  the  quality  of  the  fabricated  model. 
Chordal  effect  was  reduced  by  specifying  binary  mode  and  smallest  chord  length  when  exporting 
CAD  files  as  STL  files  to  the  FDM  machine.  Similar  part  quality  effects  have  also  been 
discussed  in  Reference  5. 

Internal  defects  need  to  be  addressed  seriously  if  the  part  is  going  to  be  used  as  a  functional 
component.  Internal  defects  are  product  of  hardware  and  software  specifications  and  their 
limitations.  The  most  common  types  of  internal  defects  are  sub-perimeter  voids,  inter-road  voids 
and  core  voids.  Sub-perimeter  voids  are  created  by  incomplete  filing  of  areas  inside  the  fused 
deposition  part.  A  void  is  created  due  to  an  insufficient  material  flow  to  fill  the  volume  at  the 
tangent  path  and  actual  perimeter  path  intersection.  Specifying  a  negative  offset  (-0.003)  to  the 
perimeter  in  the  Quickslice  software  rectified  this  defect.  Inter-roads  voids  are  created  due  to  the 
inconsistent  material  flow  of  the  FDC  filaments.  This  defect  is  important  because  of  the  void  it 
creates  in  the  interior  of  the  ceramic  structure.  Extruding  the  FDC  filaments  to  near  net  size  of 
1.78  mm  diameter,  and  increasing  the  flow  rate  of  the  FDC  filaments  to  130%  reduced  this 
defect.  Core  defects  were  attributed  to  parts  with  concentric  circular  features  and  created  by 
improper  road  selection  for  the  contour  fill  of  an  area.  Specifying  road  widths  that  were  ideal  to 
both  specified  slice  thickness  and  slice  interval  eliminated  these  defects.  A  detailed  analysis 
related  to  different  types  of  defects  and  tolerances  are  presented  in  Reference  6. 
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Metal-ceramic  composites 


Once  the  porous  ceramic  preforms  (mullite  and  fused  silica)  are  fabricated  via  the  FDC  process, 
some  of  the  preforms  were  infiltrated  with  molten  aluminum  metal  via  pressure-less  reactive 
metal  infiltration  to  form  interpenetrating  metal-ceramic  composite.  In  these  composites,  the 
metal  as  well  as  the  ceramic  phases  are  connected  in  all  three  directions  to  themselves.  Some  of 
the  advantages  of  processing  the  metal-ceramic  composites  via  the  FDC  route  include:  (1) 
microstructure  and  macro  structures  of  the  part  can  be  designed  simultaneously  in  CAD  (2) 
volume  fraction  as  well  as  phase  distribution  can  be  controlled  by  controlling  the  pore 
architecture.  Figure  4a  and  b  show  the  as-processed  and  polished  microstructures  of  the  mullite- 
A1  composites.  The  uniformity  in  the  metal  phase  distribution  can  be  seen  from  these  pictures. 
Both  uniform  as  well  as  gradient  composites  can  be  fabricated  by  this  method. 

Conclusions 

This  study  has  demonstrated  the  process  of  developing  a  binder  system  for  the  FDC  process. 
The  developed  binder  system  has  been  used  in  fabricating  the  FDC  filaments  for  mullite,  fused 
silica,  and  titanium  dioxide.  Green  FDC  parts  were  created  from  the  filaments  with  features  and 
appearance  similar  to  those  present  in  FDM  processed  wax  and  polymer  parts.  The  green  parts 
were  successfully  sintered  to  obtain  fully  dense  ceramic  parts  with  minimal  or  no  defects. 
Porous  ceramic  parts  of  mullite,  and  fused  silica  have  been  infiltrated  with  aluminum  metals  to 
obtain  metal-ceramic  composites.  Properties  of  these  composite  are  currently  being  addressed  as 
a  function  of  their  structural  parameters. 
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Figure  1:  (a)  and  (b)  Mullite  parts  fabricated  via  FDC 


Figure  2:  Green,  brown  and  sintered  fused  silica  parts  via  FDC.  Three  metal  infiltrated  parts  can 

also  be  seen  in  the  back  of  the  picture. 


Figure  3:  Sintered  mullite  parts  processed  via  FDC 
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Abstract 

Alloy  1N718  deposited  by  the  LENS  process  was  characterized  using  light  optical,  and 
scanning  and  transmission  electron  microscopy  techniques.  The  as-solidified  microstructure 
contained  primary  y-austenite  cells  with  intercellular  NbC  and  Laves  phases.  Underlying  layer 
microstructures  were  not  altered  by  the  thermal  cycles  of  subsequent  passes.  Dendrite  tip 
modeling  calculations  provided  a  reasonable  estimate  of  cell  core  compositions  measured 
experimentally  by  analytical  electron  microscopy  techniques  and  were  used  to  demonstrate  that 
dendrite  tip  undercooling  was  not  significant  under  the  deposition  conditions  employed. 
Preliminary  guidelines  on  solidification  conditions  required  to  suppress  microsegregation  during 
LENS  deposition  of  IN718  are  provided  from  the  modeling  results.  A  solute  redistribution  model 
was  employed,  which  accurately  described  the  solidification  reaction  sequence  and  resultant 
phases  present  in  the  final  microstructure. 


Introduction 

Fabrication  of  superalloy  components  via  Laser  Engineered  Net  Shaping  (LENS)  is  being 
considered  for  a  variety  of  applications  in  the  aerospace  and  defense  industries.  In  these 
applications,  alloy  composition  and  LENS  processing  parameters  will  control  the  microstructure 
and  concomitant  properties.  In  terms  of  processing  parameters,  the  as-solidified  microstructure 
of  a  given  alloy  will  be  controlled  by  the  travel  speed  and  beam  power,  which  dictate  the 
solidification  velocity  and  temperature  gradient,  while  subsequent  solid  state  reactions  will  be 
governed  by  the  thermal  history  induced  from  deposition  of  subsequent  layers.  In  order  to 
accurately  model  microstructural  development  of  LENS  components,  it  is  necessary  to  know  the 
relative  importance  of  liquid-to-solid  and  solid-to-solid  transformations  in  determining  the  final 
microstructure.  In  steels  where  the  post  solidification  y  Austenite)  a  (ferrite)  solid  state 
transformation  occurs  and  the  diffusion  rate  of  carbon  and  other  alloying  elements  is  relatively 
rapid,  it  has  been  shown  [Ref.  1]  that  subsequent  thermal  cycles  after  the  initial  deposition 
induce  significant  microstructural  modification  via  solid-to-solid  transformations.  In  this  case, 
accurate  microstructural  prediction  requires  both  solidification  and  solid  state  transformation 
models.  However,  in  Ni  base  superalloys  such  as  IN718,  the  y  phase  is  stable  after  solidification 
and  no  post-solidification  allotropic  transformations  occur  [Ref.  2].  Although  precipitation 
reactions  can  lead  to  the  formation  of  y’,  y”,  and  8  phases,  these  reactions  are  generally  slow  due 
to  the  low  diffusion  rates  of  substitutional  alloying  elements  in  the  FCC  matrix  [Ref  3].  In  this 
case,  post  solidification  reactions  under  LENS  processing  conditions  may  be  negligible,  in  which 
case  only  the  liquid-to-solid  transformation  needs  to  be  considered  for  estimating  the 
microstructure  after  deposition.  However,  no  experimental  information  is  available  to  confirm 
this.  In  addition,  the  high  solidification  rates  possible  with  the  LENS  process  are  often  viewed  as 
a  means  for  reducing  undesirable  microsegregation  that  typically  occurs  during  solidification  of 
superalloys  in  other  fabrication  methods  such  as  casting  and  welding.  To  this  point,  there  has 
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been  no  detailed  microstructural  characterization  conducted  on  LENS  deposited  IN718  to 
determine  the  extent  to  which  microsegregation  can  be  suppressed  under  typical  deposition 
conditions.  In  this  research,  alloy  IN718  was  prepared  by  LENS  deposition  and  characterized 
using  scanning  and  transmission  electron  microscopy.  The  type  of  phases  and  distribution  of 
alloying  elements  that  existed  between  the  last  pass  (which  experienced  no  subsequent  thermal 
cycles)  and  the  underlying  passes  was  compared  in  order  to  assess  the  influence  of  subsequent 
thermal  cycles  on  the  as-solidified  microstructure. 

Experimental  Procedure 

Alloy  IN718  was  deposited  into  single  line  wall  builds  that  were  approximately  25  mm  wide 
and  100  mm  high.  The  LENS  processing  parameters  were  set  at  a  travel  speed  of  7.6  mm/s  and  a 
powder  flow  rate  of  35.4  mm^/sec.  Samples  were  then  sectioned  for  microstructural  analysis  via 
light  and  electron  microscopy.  Samples  for  light  optical  microscopy  (LOM)  and  scanning 
electron  microscopy  (SEM)  were  mounted  and  polished  using  standard  metallographic 
techniques  and  electrolytically  etched  in  10%  chromic  acid  (balance  water)  solution.  A  JEOL 
6300  field  emission  gun  SEM  was  used  for  imaging  in  the  secondary  electron  mode.  Thin  foils 
for  transmission  electron  microscopy  (TEM)  were  prepared  by  polishing  3mm  diameter  disks  to 
a  thickness  of  approximately  50um  and  then  ion  milling  to  electron  transparency.  The  SEM  and 
TEM  analysis  was  conducted  on  the  last  pass  (which  experienced  no  subsequent  thermal  cycles) 
and  the  fifth  from  last  pass,  which  experienced  four  subsequent  thermal  cycles.  Microhardness 
measurements  were  conducted  using  a  Vickers  indenter  with  a  200  gram  load. 

Results 

Figure  1  contains  LOM  photomicrographs  of  the  line  builds,  which  shows  the  last  seven 
passes.  The  bottom  region  of  each  pass  contains  a  light  colored  area,  but  microhardness 
measurements  (shown  in  Figure  la)  indicate  there  is  no  significant  difference  in  hardness  in  any 
particular  region  of  the  sample.  The  microstructure  exhibited  a  cellular/dendritic  substructure 
with  interdendritic  secondary  phases  (Figure  lb).  Figure  2  shows  higher  magnification  SEM 
views  of  regions  of  the  last  pass  and  the  fifth  from  last  pass.  The  region  of  the  last  pass  shows 
two  secondary  interdendritic  phases  with  different  morphologies  -  a  small,  equiaxed  phase  and 
larger,  globular  phase  (Figure  2a).  The  fifth  from  last  pass  shows  essentially  identical  results 
(Figure  2b).  Figures  3  and  4  show  TEM  images  and  electron  diffraction  patterns  of  these  phases. 
The  small,  equiaxed  phase  was  identified  as  FCC  (Ti,Nb)C  (Figure  3),  while  the  larger,  globular 
phase  was  identified  as  an  HCP  A2B  Laves  phase  (A  =  Fe,Ni,Cr  and  B  =  Nb,Mo,  Figure  4). 
These  phases  have  also  been  observed  in  IN718  solidified  under  lower  cooling  rate  conditions 
found  in  fusion  welding  [Ref.  2].  There  is  no  significant  difference  in  the  type  of  phases  present 
between  the  first  and  fifth  from  last  passes.  AEM  compositional  profiles  were  also  acquired 
across  these  passes  to  measure  the  distribution  of  alloying  elements  across  the  cellular 
substructure.  Typical  examples  of  AEM  line  scans  are  shown  in  Figures  5  (last  pass)  and  Figure 
6  (fifth  from  last  pass).  In  each  case,  the  cell  cores  are  depleted  in  Nb  and  Mo  and  slightly 
enriched  in  Cr  and  Fe.  This  indicates  that  Nb  and  Mo  segregate  to  the  liquid  during  solidification 
while  Fe  and  Cr  slightly  segregate  to  the  solid.  These  results  also  indicate  that  the  solidification 
velocity  used  here  is  not  high  enough  to  suppress  microsegregation  in  this  alloy  system. 
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Discussion 

The  microstructural  characterization  data  indicates  that  there  is  no  significant  difference 
in  microstructure  between  the  last  pass  and  underlying  passes  which  have  been  exposed  to 
subsequent  thermal  cycles.  This  suggests  that  the  as-deposited  microstructure  of  IN718  does  not 
change  significantly  from  the  thermal  cycles  induced  by  subsequent  depositions.  It  is  generally 
known  [Ref  3]  that  as-cast  IN718  will  precipitate  y’,  y”,  and  6  phases  upon  heating  at  elevated 
temperatures.  However,  the  time  required  to  precipitate  these  phases  is  on  the  order  of  six 
minutes  at  870  °C,  and  the  times  required  for  precipitation  increase  significantly  at  lower 
temperatures.  Thermocouple  measurements  previously  conducted  on  LENS  deposits  [Ref  1] 
have  shown  that  the  peak  temperature  decreases  to  ~  850  °C  approximately  five  layers  below  the 
weld  pool.  More  importantly,  the  time  above  the  peak  temperature  is  extremely  short.  Thus, 
based  on  these  considerations,  it  is  expected  that  precipitation  reactions  would  not  occur  during 
deposition,  and  this  was  confirmed  by  the  TEM  microstructural  characterization  data.  This 
indicates  that  the  as-deposited  microstructure  for  this  alloy  can  be  estimated  from  solidification 
models  alone. 

The  main  objective  of  the  microstructural  modeling  described  here  is  to  predict  the  type 
of  phases  that  form  during  solidification  and  the  solidification  conditions  (solidification  velocity 
and  temperature  gradient)  required  to  suppress  microsegregation.  One  of  the  major  advantages  of 
LENS  processing  is  the  potential  for  minimizing  concentrations  gradients  in  the  solid,  which  are 
often  detrimental  to  mechanical  properties  and  corrosion  resistance  [Ref.  4].  Under  rapid 
solidification  conditions  encountered  during  laser  deposition,  there  can  be  significant  reduction 
in  the  cell  tip  radius  and  accumulation  of  solute  in  the  liquid  ahead  of  the  solid/liquid  interface. 
Each  of  these  factors  leads  to  dendrite  tip  undercooling  and  a  concomitant  enrichment  of  solute 
in  the  primary  solid.  However,  the  AEM  data  presented  in  Figures  5  and  6  indicate  that 
microsegregation  is  still  persistent  under  the  current  set  of  deposition  conditions.  The  set  of 
conditions  needed  to  reduce  microsegregation  can  be  estimated  based  on  the  model  presented  by 
Kurz  et  al  [Ref  5],  which  is  given  by 
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where  V  is  the  solidification  velocity,  T  is  the  Gibbs-Thomson  parameter,  P  is  the  Peclet  number 
defined  as  VR/2D|,  (R  is  the  cell  tip  radius,  Di  is  diffusivity  of  solute  in  the  liquid),  mi  is  the 
liquidus  slope,  C©  is  the  nominal  alloy  composition,  k  is  the  distribution  coefficient,  G  is  the 
mean  temperature  gradient,  k  is  the  equilibrium  distribution  coefficient,  and  I(P)  is  the  Ivanstov 
function.  A  numerical  technique  is  required  to  solve  equation  (1).  This  model  provides 
information  on  the  cell  radius  and  corresponding  cell  tip  temperature,  Tup,  as  a  function  of 
solidification  velocity  and  temperature  gradient.  Once  the  cell  tip  temperature  is  established,  the 
cell  tip  composition,  Ci*,  can  be  determined  by 
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(3) 


Once  Cl*  is  known,  the  cell  core  composition,  Ccore  (which  was  also  measured  experimentally  by 
AEM)  can  be  determined  from  knowledge  of  the  equilibrium  distribution  coefficient.  Figure  7 
shows  the  calculated  variation  in  T,ip,  Ci  ,  and  Ccore  as  a  function  of  solidification  velocity  for 
IN718.  Following  the  work  of  Knorovsky  et  al  [Ref  2],  IN718  was  modeled  as  a  y-Nb  binary 
system  for  these  calculations.  A  temperature  gradient  of  500  °C/mm  was  used  for  the 
calculations  based  on  previous  thermal  analysis  data  conducted  on  the  LENS  process  [Ref.  6]. 
Material  constants  used  for  the  calculations  are  shown  in  Table  1.  The  liquidus  temperature  for 
IN718  (i.e.,  in  the  absence  of  undercooling)  is  -1360  °C  [Ref  2].  Note  that  the  suppression  in  the 
dendrite  tip  temperature  is  not  significant  for  this  alloy  under  typical  LENS  solidification 
velocities  (~  2  -  10  mm/s).  As  a  result,  there  is  not  a  large  increase  in  the  cell  tip  composition. 
The  AEM  data  measured  at  the  cell  cores  is  plotted  in  Figure  7c  assuming  that  the  travel  speed  of 
the  heat  source  is  equivalent  to  the  solidification  velocity.  The  solidification  velocity  will 
approximately  reach  the  travel  speed  at  the  weld  pool  centerline  and  decrease  towards  zero  at  the 
edge  of  the  weld  pool.  There  is  reasonable  agreement  among  the  calculated  and  measured  data, 
providing  validation  on  the  accuracy  of  the  calculations.  These  modeling  results  can  also  be  used 
to  provide  information  on  the  solidification  conditions  required  to  suppress  microsegregation, 
i.e.,  to  identify  conditions  in  which  Ccore  approaches  Co.  Figure  7d  shows  a  plot  of  Ccorc/Co  (this 
ratio  is  numerically  equal  to  k,  the  distribution  coefficient)  as  a  function  of  solidification 
velocity.  Note  that  rather  high  solidification  velocities  are  needed  in  order  to  appreciably 
suppress  microsegregation.  These  results  show  that  effective  suppression  of  microsegregation 
during  LENS  deposition  requires  careful  consideration  of  the  processing  parameters,  most 
notably  the  travel  speed. 


Table  1 .  Material  parameter  values  used  in  dendrite  tip  calculations. 


Parameter 

Value 

Reference 

r  (K-mm) 

0.0002 

9 

D|  (mm^/sec) 

0.02 

9 

mi  (°C/wt%  Nb) 

-8.3 

10 

k  (unitless) 

0.48 

2 

Having  established  that  dendrite  tip  undercooling  is  not  large  under  the  current  set  of 
deposition  conditions,  the  solute  redistribution  stage  of  solidification  can  be  modeled  by  the 
approach  previously  presented  by  DuPont  et  al  [Ref.  7].  The  primary  solidification  path  is  given 
by 


Cq.c  -  kc  Ci,c 
(J  -  kc )  C I, c 


] 


kNh-> 


(4) 


Where  Ci,Nb  and  Ci,c  are  the  Nb  and  C  concentrations  in  the  liquid  during  the  primary  L  y 
reaction,  Co, ns  and  Co,c  are  the  nominal  Nb  and  C  concentrations,  and  kwb  and  kc  are  the 
distribution  coefficients  for  Nb  and  C.  A  liquidus  projection  is  needed  along  with  the 
solidification  path  calculation  in  order  to  determine  the  solidification  reaction  sequence  and 
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concomitant  phases  present  after  solidification.  Figure  8  shows  the  solidification  path  (according 
to  eq.  4)  superimposed  on  a  pseudo-ternary  liquidus  projection  for  IN718  that  was  calculated 
with  Thermo-Calc  thermodynamic  system  [Ref  8]  .  These  results  indicate  that  solidification 
starts  by  a  L  Y  reaction,  which  rejects  Nb  and  C  to  the  intercellular  liquid.  This  process 
continues  until  the  primary  solidification  path  intersects  the  NbC/y  two  fold  saturation  line,  at 
which  point  y  and  NbC  start  forming  simultaneously  from  the  liquid.  This  process  continues  as 
the  liquid  composition  follows  the  NbC/y  two  fold  saturation  line  until  the  NbC/y/laves  Type  II 
reaction  is  reached,  at  which  point  y  and  Laves  form  as  solidification  goes  to  completion.  This 
predicted  reaction  sequence  is  in  agreement  with  the  NbC  and  Laves  phases  observed  during 
microstructural  characterization.  These  results  do  not  account  for  the  presence  of  cell  tip 
undercooling,  since  it  was  previously  demonstrated  to  be  negligible  under  the  current  set  of 
deposition  conditions.  However,  process  optimization  studies  are  underway  in  order  to  identify 
parameters,  which  induce  significant  cell  tip  undercooling  and  reduce  microsegregation.  In  this 
case,  dendrite  tip  undercooling  calculations  must  be  combined  with  solute  redistribution 
computations  for  accurate  modeling.  This  work  is  currently  underway. 


Conclusions 

Alloy  IN718  deposited  with  the  LENS  process  solidifies  by  a  three  step  reaction 
sequence;  L  y,  followed  by  L  (y  +  NbC)  and  L  ^  (y  +  Laves).  This  solidification  reaction 
sequence  has  been  accurately  modeled  by  solute  redistribution  calculations  and  the  use  of  a 
computed  pseudo-ternary  liquidus  projection.  Thermal  cycles  from  deposition  of  subsequent 
layers  have  no  significant  effect  on  the  as-solidified  microstructure.  Under  low  travel  speed 
conditions,  dendrite  tip  undercooling  is  not  significant  and  microsegregation  is  not  suppressed. 
Dendrite  tip  undercooling  models  have  been  used  to  estimate  solidification  velocities  required  to 
minimize  microsegregation. 
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Figure  la:  Macrostructure  and  hardness  of  an  rN718  LENS  deposit. 
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Figure  lb:  Representative  LOM  photomicrograph  of  an  IN718  line  build 
showing  a  cellular/dendritic  substructure  and  interdendritic  secondary  phases. 


a  b 


Figure  2:  SEM  photomicrographs  of  (a)  the  last  pass  and  (b)  the  fifth  from  last  pass  of  an  IN718 
line  build. 
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Figure  4:  TEM  photomicrograph  of  HCP  A2B  Laves  phase  (A=Fe,Ni,Cr  and  B=  Nb,Mo) 
and  accompanying  electron  diffraction  pattern  showing  a  [31 1]  zone  axis. 
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Distance  (um) 


Figure  5:  Typical  AEM  line  scan  of  the  last  pass  in  an  IN718  line  build  indicating  Nb 
and  Mo  segregation.  The  points  shown  on  the  micrograph  from  the  upper  left  to  the 
lower  right  correspond  to  increasing  distance  on  the  accompanying  graph. 


Figure  6:  Typical  AEM  line  scan  of  the  fifth  pass  in  an  IN718  line  build  indicating  Nb 
and  Mo  segregation.  The  points  shown  on  the  micrograph  from  the  bottom  to  top 
correspond  to  increasing  distance  on  the  accompanying  graph. 
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Figure  7.  Dendrite  tip  calculations,  a)  Dendrite  tip  temperature  as  a  function  of  solidification 
velocity,  b)  Dendrite  tip  composition  as  a  function  of  solidification  velocity,  c)  Dendrite  core 
composition  as  a  function  of  solidification  velocity  with  AEM  data  plotted,  d)  C  corc/Co  a 
function  of  solidification  velocity. 
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Figure  8.  Calculated  primary  solidification  (equation  (4))  superimposed  on  the  IN718  pseudo 
ternary  liquidus  projection. 
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Abstract 


Selective  Laser  Sintering  (SLS)  has  been  used  to  successfully  process  crystalline 
polymers,  ceramics  and  metals.  However,  wide  range  of  materials  available  and  their 
applications  have  acted  as  an  impetus  to  expand  the  applications  of  SLS  to  different  material 
systems.  This  paper  presents  one  such  experimental  study  undertaken  to  explore  the  application 
of  SLS  to  process  Parmax®  polymers  -  a  family  of  high  performance  amorphous  poly  p- 
phenylenes.  As  a  part  of  the  collaborative  study,  various  process  parameters  and  material 
formulations  were  tried  out  to  ascertain  the  feasibility  of  the  process  and  the  initial  results 
obtained  look  promising.  This  paper  lists  the  material  formulations  tested  and  process  parameters 
controlled.  Also,  analysis  of  the  results  of  the  experimental  study  and  the  outline  of  the  next 
phase  of  research  to  be  undertaken  have  been  described.  This  study  was  motivated  by  the 
numerous  applications  of  Parmax®  in  the  electronics,  defense  and  aerospace  industries  as  well  as 
the  goal  to  expand  the  applications  and  utility  of  SLS. 

Introduction 

Rapid  prototyping  has  become  an  essential  tool  in  dealing  with  dramatically  shortened 
manufacturing  product  life  cycles.  It  replaces  machine  carved  prototype  models  and  patterns 
with  machine-built  components  produced  in  a  few  hours,  suitable  for  testing  of  form,  fit  and 
function.  Functional  testing  often  places  the  rapid  prototyping  part  in  an  operating  assembly, 
requiring  high  strength  materials.  Unfortunately,  current  polymeric  rapid  prototyping  materials 
such  as  nylon  and  polycarbonate,  do  not  offer  sufficient  mechanical  properties  for  high  strength 
components,  restricting  functional  testing  up  to  this  point  and  thus  limiting  the  overall  utility  of 
rapid  prototyping. 

To  overcome  this  limitation,  new  materials  with  higher  strength  need  to  processed 
through  Selective  Laser  Sintering(SLS).  One  such  material,  developed  at  MPT  is  its  novel,  high 
strength  class  of  rigid-rod  Parmax®  Self  Reinforced  Polymer  (SRP)  resins. 


R  R  R  R 


R  R  R  R  R  R 


Figure  1.  Generalized  Structure  of  Rigid-Rod  Parmax®  SRPs 
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The  extraordinary  hardness,  stiffness  and  strength  of  Parmax®  SRPs  make  them  attractive 
for  a  wide  range  of  uses  that  include  molded  articles  and  extruded  sheet,  stock  and  profiles  for 
aircraft  interiors,  electrical  and  electronic  components,  surgical  instruments,  bushings,  gears  etc.; 
films  and  coatings  for  fiberless  printed  wiring  boards,  abrasion  resistant  coatings  etc.;  foams  for 
high  strength,  low  moisture  absorption  core  and  structural  components  and  in  blends  and 
additives  in  which  Parmax®  SRPs  are  used  to  improve  the  performance  of  other  polymers.  With 
its  application  extending  into  so  many  different  areas,  it  becomes  important  to  manufacture 
functional  prototypes  quickly  and  cheaply  in  order  to  demonstrate  its  capability  and  also  arrive  at 
optimized  material  formulations  for  each  application.  Thus  being  able  to  make  Parmax®  SRPs 
compatible  to  SLS  is  important  from  this  point  of  view  and  this  study  aims  at  achieving  the 
same. 

The  primary  objectives  of  this  research  effort  are  to  (1)  develop  sinterable  powder 
formulations  based  on  MPT’s  high-performance  Parmax®  SRP  resins,  (2)  determine  initial 
processing  conditions  for  these  powders  via  the  Selective  Laser  Sintering  (SLS)  rapid¬ 
prototyping  process,  and  (3)  fabricate  initial  test  coupons  to  demonstrate  the  high-integrity 
components  that  can  result  from  this  combination  of  material  and  processing.  However,  the 
ultimate  goal  of  the  research  is  to  come  up  with  optimized  powder  and  process  parameters  to 
produee  components  with  unprecendented  mechanical  properties,  thus  paving  the  way  for  the 
commercialization  of  Parmax®  SRP-based  SLS  formulations. 

The  selection  and  development  of  powder  formulations  based  on  Parmax  SRP  resms 
suitable  for  SLS  processing  were  carried  out  at  MPT  under  the  aegis  of  an  SBIR  grant  while 
determination  of  initial  processing  conditions  and  production  of  test  coupons  was  conducted  at 
the  University  of  Texas. 

The  paper  is  organized  in  the  following  way.  First,  a  brief  description  of  mechanical  and 
chemical  properties  of  relevant  Parmax®  SRP  resins  developed,  current  resin  processing  methods 
as  well  as  the  Selective  Laser  Sintering  process  are  stated.  Following  this,  the  process  parameters 
considered,  material  formulations  tested  and  the  initial  experimental  trials  are  presented.  The 
results  of  the  experiments  are  then  analyzed.  The  paper  concludes  with  a  section  on  the 
contributions  of  this  effort  and  an  outline  for  the  next  phase  of  the  research. 

Background 

Powder  Properties: 

MPT’s  Parmax®  SRPs,  a  new  family  of  rigid-rod  self-reinforcing  polyphenylenes,  possess 
a  unique  combination  of  high  performance  mechanical  properties  along  with  good  processing 
capabilities.  Research  largely  inspired  and  supported  by  the  Air  Force  Materials  Laboratory  in  the 
1970’s  and  1980’s  has  demonstrated  that  rigid-rod  polymers  possess  exceptional  mechanical 
properties[l],  but  most  are  either  intractable  or  are  soluble  only  in  strong  acid  solvents.  Parmax® 
SRPs  have  been  designed  to  overcome  the  processing  deficiencies  of  other  rigid-rod  polymers  via 
the  use  of  carefully  chosen  pendant  side  chains  to  impart  solubility  and  thermal  processability  to 
the  normally  intractable  rigid-rod  polyparaphenylene  backbone.  Thus,  Parmax®  materials  can  be 
dissolved  in  a  variety  of  common  organic  solvents  (methylene  chloride,  N-methylpyrrolidinone, 
phenyl  ethers  and  esters,  etc.)  and,  perhaps  most  importantly,  can  be  thermally  fabricated 
(compression  molded,  extruded,  injection  molded,  etc.). 

Parmax®  SRPs  are  prepared  by  proprietary  processes  that  assure  the  isomeric  integrity  of  the 
structure.  A  variety  of  substituent  groups  (R)  can  be  utilized,  so  Parmax®  SRP  resins  comprise  a 
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versatile  class  of  polymers,  like  polyimides,  polyesters,  and  polyamides,  within  which  a  wide  range 
of  stmctural  variation  is  possible.  We  have  surveyed  many  different  derivatives  including  the 
thermoplastic  rigid-rod  Parmax®-1000  (benzoyl  side  chain  stmcture)  and  Parmax®-2000  (4- 
phenoxybenzoyl  side  chain)  homopolymers  (Figure  2.)  and  the  "tougher"  and  more  processible 
Parmax®-1200  series  of  "kinked"  copolymers.  Currently  it  appears  that  the  Parmax®-1000  and 
Parmax®-1200  derivatives  will  provide  the  first  commercial  Parmax®  molding  resin  products. 


Figure  2.  Chemical  Structures  of  Some  Thermoplastic  Parmax®  SRP  Derivatives 

Parmax®  SRP  resins  demonstrate  extraordinary  strength,  modulus,  hardness,  and  other 
properties  in  a  combination  unrivaled  by  any  other  single  material  (Table  1).  Metals  are  widely 
used  for  structural  support  but  are  heavy  and  subject  to  corrosion  and  fatigue.  Common 
thermoplastics  are  inexpensive  to  fabricate  into  parts  but  currently  cannot  provide  enough 
strength  or  stiffness  for  many  applications.  Fiber-reinforced  composites  have  evolved  to  offer 
unprecedented  strength-to-weight  characteristics  but  are  extremely  difficult  and  expensive  to 
process.  As  demonstrated  in  Figure  3,  isotropic  Parmax®  resins  possess  unparalleled  mechanical 
strength  and  modulus  when  compared  to  other  engineering  thermoplastics.  In  fact,  on  weight 
basis,  Parmax®  polymers  are  extremely  competitive  with  structural  metals  such  as  aerospace 
grades  of  aluminum  and  titanium  (Figure  4). 


Table  1.  Selected  Properties  of  Thermoplastic  Parmax®  SRP  Resins 


Parmax®- 1000 

Parmax®-2000 

Parmax®- 1200 

Specific  Gravity 

1.21 

1.23 

1.23 

Tensile  Modulus  (MSI) 

1.5 

1.2-1.4 

1.2 

Flexural  Strength  (KSI) 

35-50 

20-30 

39-46 

Rockwell  Hardness 

K98 

K98 

K90 

Limiting  Oxygen  Index  (1/8”  thick) 

41% 

32% 

42% 
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Figure  3.  Mechanical  Properties  of  Engineering  Plastics  and  Parmax®  SRPs 
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Figure  4.  Specific  Strength  Comparison  of  Various  Metals  with  Parmax®  SRPs 

Processing  Techniques: 

Ultra  high  performance,  isotropic  Parmax®  SRP  polymers  are  processed  utilizing 
conventional  polymer  techniques.  These  include  routine  extrusion,  thermoforming  and 
compression  molding  operations.  Injection  molding  grades  are  under  development  and  their 
availability  is  anticipated  for  fourth  quarter  of  2001.  Processing  temperatures  are  in  the  range  of 
290  to  340  °C.  Within  this  processing  window,  Parmax®  SRP  resins  display  remarkable  stability 
and  do  not  require  any  additional  stabilizers  to  facilitate  the  processing.  The  excellent  solubility 
of  these  materials  in  common  organic  solvents  allow  for  the  facile  preparation  of  films  and 
coatings  from  solution. 

Selective  Laser  Sintering  Process: 

Selective  Laser  Sintering  is  a  rapid  prototyping  process  in  which  powdered  material  is 
melted  into  the  desired  shape  through  the  repeated  scanning  of  cross-sectional  areas  that  will 
eventually  form  the  3D  model[14].  The  machine  (figure  5)  consists  of  one  part  piston  which 
translates  within  the  part  cylinder;  1  or  2  feed  pistons  that  move  within  the  powder  cartridge  and 
act  as  the  powder  feeding/collection  system;  a  roller  mechanism  for  spreading  powder;  heating 
coils,  sensors  and  controllers  for  heating  and  maintaining  the  powder  at  the  correct  temperature; 


steel  Al-5052  Al-6061  Al-2024  Ti-6Al-4\Parmax" 


245 


laser  and  its  accompanying  optics  to  focus  the  laser  beam  precisely;  blower,  sensors  and 
controllers  that  maintain  the  process  chamber  inert(not  shown  in  figure);  a  computer  interface 
that  serves  as  the  communication  link  between  the  user  and  the  machine(not  shown  in  figure). 
The  SLS  process  is  accomplished  with  a  CO2  laser  which  scans  a  cross  section  of  the  part  on  the 
surface  of  the  part  bed.  After  one  cross  section  is  scanned,  the  part  piston  moves  down  and  the 
feed  pistons,  carrying  powder  above  them,  move  up.  Then  a  roller  sweeps  across  the  bed,  laying 
a  fresh  layer  of  powder  and  the  whole  process  is  repeated  till  the  whole  component  is  made. 
Uneven  or  large  temperature  gradients  need  to  minimized  during  the  build  so  as  to  prevent 
excessive  part  curl.  This  is  achieved  by  preheating  the  powder  in  the  feed  bins  as  well  as  the  part 
piston  to  prescribed  temperatures. 


Figure  5:  Schematic  of  the  Selective  Laser  Sintering  Process 


Approach 

The  aim  of  the  study,  as  stated  before,  is  to  process  Parmax®  SRPs  using  Selective  Laser 
Sintering.  There  are  many  powder  as  well  as  process  parameters  that  affect  the  quality  of  components 
produced.  Hence,  to  manufacture  functional  prototypes,  these  parameters  have  to  be  optimized  to 
achieve  the  desired  values  of  performance  variables(responses)  such  as  strength,  modulus  and 
dimensional  accuracy.  Since  the  SLS  process  has  not  been  mathematically  modeled  to  the  extent 
desired,  a  set  of  experiments  need  to  be  performed  to  identify  important  parameters  and  establish 
mathematical  relationships  between  them  that  will  help  optimize  the  process. 

The  first  step  in  the  research  process  was  to  identify  the  parameters  that  could  affect  the 
process.  An  initial  study  revealed  12  SLS  process  parameters  and  4  powder  parameters  that 
could  be  controlled.  These  are  briefly  discussed  below. 

SLS  Process  Parameters 

The  12  SLS  parameters  are  powder  age,  powder  type,  part  bed  temperature,  feed  piston 
temperature,  part  piston  temperature,  laser  power,  powder  layer  thickness,  feed  rate,  chamber 
atmosphere,  part  orientation,  roller  speed  and  time  between  layers. 
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The  first  parameter  to  consider  in  the  process  is  the  type  of  powder  to  be  used.  There  are 
currently  12  commercially  available  powders  that  can  be  used  with  the  SLS  process.  Each  of 
these  have  different  physical  properties  and  chemical  properties  and  produce  different  results. 
This  study  focuses  on  only  Parmax  -  a  family  of  high  performance  amorphous  poly  p- 
polyphenes. 

The  designer  then  has  the  choice  of  using  either  new  powder  or  recycled  powder.  The 
powder  in  the  machine  is  pre-heated  very  close  to  its  melting  or  softening  temperature  causing 
partial  melting.  This  might  cause  clumping  and  hence  change  the  particle  size.  Therefore,  every 
time  the  powder  is  used,  different  laser  power  and  pre-heating  temperatures  might  be  needed. 
Temperatures  of  the  part  bed,  part  piston  and  feed  pistons  have  been  observed  to  have  a  great 
effect  on  the  properties  of  the  final  part.  Normally,  the  feed  pistons  and  part  pistons  are  kept  at 
temperatures  below  the  part  bed  temperatures.  This  is  to  minimize  powder  clumping  that  might 
occur  due  to  prolonged  exposure  of  powder  very  close  to  its  melting  or  softening  point.  The  feed 
piston  temperature  and  the  part  bed  temperature  have  an  effect  on  part  curl,  strength  of  part  and 
on  the  dimensional  accuracy. 

The  laser  power  is  another  important  parameter.  The  laser  power  can  be  controlled  by 
varying  the  incident  laser  power,  the  scan  speed  of  the  laser  and  the  scan  spacing  of  the  laser. 
However  the  machine  allows  the  user  to  change  only  the  incident  power.  The  laser  power  like 
the  piston  and  part  bed  temperatures  has  a  profound  effect  on  the  part  curl,  strength  and 
dimensional  accuracy. 

The  orientation  is  an  important  factor  in  determining  the  quality  of  the  part.  Because  the 
build  proceeds  in  the  z  direction(upward),  taller  part  take  longer  to  build.  Hence  the  build  time 
can  be  minimized  by  orienting  the  longer  dimension  of  the  part  in  the  X  or  Y  direction(parallel  to 
the  bed  of  the  machine).  Orientation  may  also  effect  the  part  strength  because  in  the  Z  direction, 
there  is  a  potential  problem  with  proper  bonding  between  the  layers.  This  is  also  expected  to 
cause  a  decrease  in  strength  along  the  Z  direction.  Surface  roughness  is  also  effected  by  the  part 
orientation.  The  layered  nature  in  which  parts  are  produces  eauses  a  “stairstep”  effect  on  the 
surfaces  that  are  not  parallel  or  perpendicular  to  the  part  bed  surface[14]. 

Layer  thiekness  is  a  eontrollable  parameter  that  effects  many  part  properties.  Among 
these  are  build  time,  strength,  density  and  accuracy.  The  layer  thickness  is  controlled  by  the 
movement  of  the  part  piston.  More  the  movement  of  the  part  piston  downward,  more  is  the  layer 
thickness.  Coupled  with  the  layer  thickness  is  the  feed  rate  which  is  determined  by  the  distance 
moved  by  the  feed  pistons  upward.  The  convention  used  in  the  process  to  ensure  a  uniform  layer 
to  be  spread  across  the  part  piston  is  to  have  a  feed  rate  that  is  twice  the  layer  thickness. 
However,  the  particle  size  may  effect  the  feed  rate  setting  that  is  needed. 

The  roller  speed  and  the  time  between  layers  are  parameters  that  have  an  effect  on  the 
build  time  and  is  suspected  to  have  an  impact  on  the  part  curl.  This  is  because  the  roller  speed 
determines  the  time  in  which  the  powder  is  spread  across  the  part  piston  and  also  the  force  it 
applies  on  the  sintered  part  while  the  time  between  layers  determines  the  amount  of  time  the 
freshly  laid  powder  has  to  attain  the  part  bed  temperature.  If  enough  time  is  not  given  for  the 
freshly  laid  powder  to  attain  the  part  bed  temperature,  large  temperature  gradients  might  occur 
leading  to  excessive  part  curl. 

An  inert  atmosphere  in  the  chamber  is  required  during  processing  to  prevent  oxidation 
that  might  cause  loose  powder  to  solidify.  This  is  achieved  by  supplying  a  steady  flow  of 
nitrogen  to  the  build  chamber.  The  percentage  of  oxygen  present  in  the  ehamber  effects  post 
processing  and  accuracy  of  the  part.  Sinee  it  is  known  that  a  more  inert  atmosphere  would 
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always  be  preferred,  a  steady  nitrogen  flow  is  maintained  to  limit  the  oxygen  content  below 
5.5%(default  machine  parameter  value). 


Powder  Parameters 

The  four  important  powder  parameters  are  particle  size,  density,  viscosity  and  chemical 
structure. 

Powder  particle  size  determines  the  time  taken  for  the  powder  to  melt  when  sintered. 
Also  it  is  related  to  the  minimum  powder  layer  thickness  and  the  feed  rate.  Large  particle  size 
causes  an  increase  in  the  layer  thickness  and  leads  to  poor  consolidation  and  hence  strength. 
Thus  it  is  important  to  arrive  at  an  optimum  particle  size. 

The  density  of  the  powder  is  known  to  have  a  direct  impact  on  the  strength  of  the 
processed  component  and  also  on  the  degree  of  consolidation.  Typical  densities  of  powders  that 
have  been  processed  are  between  0.4  gm/cm^  to  0.6  gm/cm^ 

Viscosity  determines  the  ease  with  which  the  powder  flows  and  it  is  desirable  that  the 
powder  exhibits  low  viscosity  at  the  processing  temperatures.  However,  modification  of 
viscosity  often  entails  a  change  in  the  chemical  structure. 

Chemical  Structure  of  the  powder  is  one  of  the  most  important  parameters  but  often  its 
modification  is  difficult  and  restricted.  The  structure  of  the  polymer  determines  its  viscosity, 
crystallinity  and  melting  temperature. 

Performing  an  exhaustive  set  of  experiments  taking  all  of  the  16  variables  into  account  is 
time  consuming  and  a  waste  of  resources.  In  order  to  identify  those  variables  that  have  a  major 
effect  on  the  response,  an  initial  set  of  experiments  were  performed.  The  work  progressed  on 
dual  tracks.  One  was  formulation  of  Parmax®  SRP  resins  suitable  for  SLS  and  the  other  was  SLS 
process  optimization. 


Initial  formulation  selection 

Research  effort  executed  under  the  Phase  I  SBIR  Contract  initiated  with  assessment  of 
the  critical  parameters  of  the  successful  SLS  formulations  and  the  fit  that  current  Parmax®  SRP 
resin  offer.  The  first  parameter  examined  closely  was  the  effect  of  the  powder  particle  size.  The 
focus  was  on  the  identification  of  Parmax®  SRP  resins  with  a  range  of  particle  sizes  to  bracket 
the  acceptable  limits  on  this  parameter.  The  initial  two  formulations  represented  materials  with 
mean  particle  sizes  varying  fi-om  8  p.m  (1200-341)  to  60  pm  (1200-367).  Bulk  densities  for  the 
two  formulations  were  0.02  gm/cm^  for  1200-341  and  0.25  gm/cm^  for  1200-367  Micrographs  of 
these  two  formulations  can  be  found  in  Figures  6  and  7,  respectively. 


Figure  6.  1200-341  powder  structure  and  size 
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Figure  7.  1200-367  powder  structure  and  size 

Both  of  the  formulations  utilized  in  this  first  SLS  iteration  are  the  Parmax®  1200 
derivative,  the  chemical  structure  of  which  can  be  found  in  Figure  8. 


Figures.  Structure  of  Parmax®  1200 

Parmax®  1200  is  a  copolymer  with  about  15%  of  the  flexible  meta-phenylene  linkages 
present.  This  intentional  kink  introduces  a  degree  of  flexibility  to  the  otherwise  rigid  para- 
phenylene  backbone.  This  limited  flexibility  is  translated  into  improved  processability  and 
molecular  flow  above  glass  transition  temperature  (Tg),  when  compared  to  the  completely  rigid 
Parmax®  1000. 

Initially,  three  materials  were  planned  for  the  first  iteration,  with  the  remaining 
formulation  being  Parmax®  1200-367  with  its  particle  size  further  reduced.  This  was  attempted 
through  the  use  of  jet  milling  at  Fluid  Energy  in  Hatfield,  PA.  This  vendor,  however,  failed  to 
induce  any  particle  size  reduction.  This  was  particularly  puzzling,  since  the  same  vendor 
previously  ground  Parmax®  1200  to  the  10-20  pm  particle  size  specification.  As  a  result  of  this 
failure,  only  2  Parmax®  SRP  formulations  were  tested  during  the  first  iteration  of  this  effort. 

Initial  sintering  trials 

Initial  experiments  were  conducted  using  Parmax®  1200-367  to  ascertain  the  feasibility 
of  the  process,  reduce  the  number  of  process  parameters  by  eliminating  variables  that  had  little 
effect  on  consolidation  and  to  get  the  outer  bounds  on  the  important  parameters.  These 
experiments  were  driven  by  intuition  and  the  insights  obtained  during  experimentation  and  not 
by  following  formal  experimentation  methodologies.  This  was  mainly  because  an  exhaustive  set 
of  experiments  could  not  be  run  with  the  powder  available  and  the  goals  of  the  experiment  did 
not  warrant  a  large  set  of  experiments  to  be  run. 

DSC  curves  of  Parmax®  1200  indicated  the  onset  of  softening  temperature  (Tg)  as  152 
°C.  With  knowledge  gained  from  processing  parts  using  DuraForm  (nylon-based  SLS  material), 
the  part  heater  temperature  was  initially  set  at  132  °C,  the  left  and  right  feed  pistons  were  at  60 
°C  and  a  laser  power  of  5.5  watts  (default  power  setting  for  DuraForm)  was  used.  With  these 
settings  the  powder  did  not  consolidate.  Hence  the  laser  power  was  increased  to  6  watts  (at  z 
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(measure  of  part  thickness)  =  0.012”).  This  did  not  alter  the  result  and  subsequently  (at  z  = 
0.016)  it  was  increased  to  9  watts.  This  sintered  the  powder  to  a  greater  extent  but  the  sintered 
powder  was  turning  brown  (which  at  this  point  was  thought  undesirable).  To  minimize  the 
discoloration  the  part  heater  temperature  was  increased  to  132  °C  (at  z=0.02”)  and  various  laser 
powers  were  tried  out.  Also,  part  heater  temperature  was  ramped  up  by  2  °C  and  at  z  =  -.524”  it 
was  increased  further  by  4  °C  to  142  °C.  However,  these  changes  brought  about  little  change  in 
the  result.  One  main  reason  for  not  increasing  the  part  heater  temperature  appreciably  was  to 
avoid  solidification  of  all  the  powder  in  the  part  piston  leading  to  wastage  of  large  amounts  of 
expensive  powder.  An  interesting  phenomenon  that  was  noticed  during  the  experiment  was  that 
at  around  0.028”,  the  sintered  powder  started  warping  and  at  0.056”  it  was  high  enough  to  lead  to 
movement  of  the  part  under  the  roller.  Warping  could  occur  due  to  the  following  reasons:(l) 
localized  expansion  due  to  uneven  temperature  gradients  while  scanning  by  the  laser.  (2) 
Excessive  force  applied  by  the  movement  of  roller  over  the  sintered  part  (3)  uneven  expansion 
due  to  a  large  difference  in  temperatures  between  the  feed  pistons  and  part  pistons. 

Green  parts  obtained  in  these  first  iterations  can  be  seen  in  Figure  9.  Following  this 
stage,  the  parts  were  sent  to  Bodycote  IMT  for  an  additional  HIP-ing  step. 


Figure  9.  First  Parmax®  SRP  parts  produced  via  SLS 

Through  this  experiment  it  was  established  that  the  grain  size  of  the  1200-367  powder 
formulation  was  suitable  for  the  SLS  process,  at  least  for  the  initial  levels  of  consolidation.  The 
roller  was  able  to  spread  the  powder  evenly  and  bulk  density  variability  was  minimized.  Based 
on  the  results  of  this  run,  overall  powder  bulk  density  and  viscosity  of  the  powder  at  these 
temperatures  might  have  to  be  varied  to  optimize  the  consolidation.  From  the  point  of  view  of 
the  process  parameters,  the  operating  temperatures  could  be  increased,  other  parameters  like 
roller  speed,  power  layer  thickness  and  feed  distance  need  to  be  controlled  so  as  to  determine 
their  impact  on  warping  and  powder  consolidation. 

The  second  material  formulated  for  this  iteration,  Parmax®  1200-341,  could  not  be 
adequately  processed  owing  to  the  extremely  low  bulk  density  of  this  powder.  Even  though  it 
appeared  that  the  small  particle  size  would  be  beneficial  from  the  standpoint  of  better  surface 
finish  as  well  as  larger  particle  surface  area  for  laser  to  operate  on,  the  flocculent  nature  of  this 
material  did  not  allow  the  Sinterstation  2000  roller  to  distribute  the  powder  evenly. 

Formulations  aimed  at  viscosity  reduction 

Based  on  results  obtained  during  the  first  half  of  the  effort,  a  second  iteration  of  materials 
was  formulated  for  the  laser  sintering  trials.  The  stated  goal  during  this  phase  of  the  effort  was 
an  improvement  of  the  molecular  flow  of  Parmax®  SRP  resins  at  the  Sinterstation  operating 
temperatures.  Formulations  were  as  follows: 
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•  Plasticized  Parmax®  SRP  formulation  (1200-366),  containing  15%  of  di-octyl  phthalate 
(DOP),  an  esteric  plasticizer  commonly  used  in  PVC  industry.  DOP  and  Parmax®  SRP 
resin  were  compounded  using  a  1”  Davis  Standard  Killion  Single  Screw  Extruder  (SSE). 
Approximately  6  lbs  of  this  formulation  was  produced  and  pelletized.  Pellets  were  then 
sent  to  Particle  Reduction  Corp  of  Elk  Grove  Village,  IL  for  another  attempt  at  particle 
reduction.  The  two  processes  used  were  hammer  milling  and  jet  milling.  Hammer 
milling  successfully  ground  Parmax®  SRP  pellets  to  approximately  500  pm  particle  size 
(consistency  of  beach  sand).  Unfortunately,  further  milling,  utilizing  the  jet  milling 
facilities,  was  again  unsuccessful. 

•  Formulation  utilizing  a  different  copolymer  of  Parmax®  SRP  materials,  Parmax®  1215K 
(Formulation  designation  1215-373),  structure  of  which  can  be  found  in  Figure  10.  This 
chemical  structure  modification  had  a  goal  of  reducing  the  viscosity  of  the  resulting 
material  at  Sinterstation  processing  temperatures,  and  also  to  examine  the  suitability  of 
chemistry  modification  as  means  for  optimizing  sinterable  Parmax®  SRP  derivatives. 
Viscosity  reduction  is  achieved  through  an  addition  of  benzoxy-substituted  meta- 
phenylene  linkage.  This  hinders  efficient  packing  of  the  rigid  rod  backbone  chains, 
resulting  in  increased  disorder  within  the  polymer  lattice.  Resulting  free  volume  increase 
translates  into  lower  viscosity  at  processing  temperatures  of  interest.  1215-373  had 
particle  size  of  approximately  70  pm  with  bulk  density  of  0.23  gm/cm^. 


Parmax-1215 


Figure  10.  Chemical  structure  of  Parmax®  12I5K 

Sintering  studies  of  1200-366  and  1215-373 

As  a  baseline  for  this  round  of  sintering  trials,  conditions  that  led  to  the  consolidation  of 
parts  in  the  first  iteration  were  replicated.  It  became  immediately  obvious  that  1200-366’s  sand¬ 
like  powder  consistency  was  unsuitable  for  laser  sintering  process,  owing  to  the  inability  of  the 
Sinterstation  roller  to  distribute  the  material  evenly  across  the  sintering  surface.  The  second 
formulation,  labeled  1215-373  was  successfully  consolidated  using  the  same  parameters  utilized 
in  previous  successful  consolidation,  1200-367.  Following  the  baseline  establishment,  the 
remainder  of  the  machine  time  was  devoted  to  the  sintering  parameter  optimization,  utilizing 
1200-367  and  1215-373  materials. 
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Effect  of  the  powder  layer  thickness  on  part  consolidation  and  warping 

Localized  expansion  arising  from  uneven  temperature  gradients  while  scanning  by  the 
laser  might  be  affected  by  process  parameters  such  as  powder  layer  thickness,  time  between 
layers,  feed  distance,  part  heater  temperature,  laser  power  used  and  the  left  and  right  feed 
temperature.  The  third  experiment  concentrated  on  studying  the  effect  of  powder  layer  thickness, 
feed  distance  and  part  heater  temperature. 

Left  and  right  feed  distances  were  set  initially  at  0.014”  and  the  powder  layer  thickness 
was  increased  to  0.006”.  The  left  and  right  feed  heaters  were  set  at  120°C  during  the  warm  up 
stage  and  at  145°C  during  the  sintering  stage.  However,  owing  to  the  technical  difficulties  with 
Sinterstation  2000,  the  powder  could  not  be  heated  beyond  115°C.  The  part  heater  was  set  at 
154°C  and  laser  power  used  was  6  watts.  The  increase  in  the  powder  layer  thickness  and  the  feed 
distance  did  not  seem  to  have  an  impact  on  the  warping  and  so  the  powder  layer  thickness  and 
feed  distance  were  decreased  to  0.005”  and  0.012”  respectively  (at  z=0.18”)  while  the  part  heater 
temperature  was  ramped  up  to  165°C  to  aid  consolidation  of  powder.  To  prevent  discoloration  of 
the  powder,  the  laser  power  was  not  increased  beyond  7.5  watts. 

Based  on  these  results,  we  suspect  that  powder  layer  thickness  and  feed  distance  were  not 
the  primary  reasons  for  uneven  temperature  gradients  and  localized  expansion  leading  to 
warpage.  Also,  we  conclude  that  the  temperature  reached  by  the  powder  on  preheating  to  165°C 
and  application  of  laser  power  of  7.5  watts  is  not  high  enough  to  sinter  it  completely. 

Impact  of  roller  motion 

The  next  experiment  focused  on  studying  the  effects  of  the  roller  motion  over  the  sintered 
part  and  also  the  time  elapsed  between  laying  of  fresh  powder  by  the  roller  and  the  start  of  the 
sintering  process.  The  movement  of  the  roller  carrying  powder  might  apply  a  force  on  the 
sintered  part  that  is  enough  to  cause  yielding.  So  in  this  experiment  the  roller  speed,  and  the 
amount  of  powder  it  carries,  which  is  directly  related  to  the  feed  distance,  are  varied,  as  is  the 
time  between  which  layers  of  powder  are  laid  down. 

During  this  run,  the  left  and  right  feed  distances  were  set  at  0.012”;  the  feed  heaters  were 
at  120  °C  while  the  part  heater  was  set  at  175  °C  (10  degrees  more  than  the  previous 
experiment).  The  laser  power  was  maintained  at  6.5  watts  through  out  the  experiment.  The  roller 
speed  was  at  the  default  value  of  5  in/sec  but  the  time  between  layers  was  set  at  50  sec  (default 
value  15sec).  At  various  points  in  the  experiment,  the  roller  speed  was  varied  from  a  minimum  of 
3  in/sec  to  7  in/sec  and  the  feed  distance  between  0.012”  to  0.035”.  The  effect  on  warping 
seemed  minimal.  The  part  heater  temperature  was  increased  to  180  °C  and  then  to  190  °C.  At 
these  high  temperatures,  the  powder  in  the  part  piston  had  started  clumping  and  hence  the  roller 
was  unable  to  spread  the  powder  evenly.  The  clumping  might  have  occurred  because  the 
temperature  was  too  high  or  because  of  prolonged  heating  (the  powder  was  at  these  temperatures 
for  around  3  hours  and  being  amorphous  in  nature  might  have  started  softening  and  coagulating 
gradually). 

Laser  power  optimization 

Through  this  experiment  we  aimed  at  obtaining  the  outer  bounds  for  the  laser  power.  The 
part  heater,  piston  heater  and  feed  heater  temperatures  were  set  at  165°C,  130°C  and  100°C 
respectively.  Laser  power  was  varied  from  6  watts  to  30  watts.  At  values  beyond  15  watts,  the 
laser  power  was  high  enough  to  totally  degenerate  the  powder.  The  powder  was  getting 


252 


completely  charred  at  these  high  values,  establishing  the  upper  bound  for  the  laser  power 
application  to  Parmax®  SRP  resins. 

From  the  above  experiments,  we  conclude  that  the  most  important  parameters  that  seem 
to  impact  sintering  as  well  as  warping  are  the  feed  piston  temperatures,  part  heater  temperature 
and  laser  power.  Overall,  these  experiments  were  successful  in  eliminating  3  parameters  (time 
between  layers,  roller  speed  and  piston  heater  temperature).  Also,  it  helped  us  obtain  the  outer 
bounds  of  part  heater  temperature  and  laser  power.  This  information  is  going  to  be  crucial  in 
reducing  the  number  of  variables  to  be  examined  during  the  next  phase  of  research,  therefore 
speeding  up  the  screening  process  and  allowing  us  to  coneentrate  on  mission  critical  parameters. 

Results 

During  the  first  phase  of  study,  we  have  demonstrated  suecessful  processing  of  Parmax® 
SRP  resins  using  Selective  Laser  Sintering  (SLS)  techniques,  offering  the  prospect  of  rapid 
prototyping  of  components  with  unprecedented  mechanical  properties.  This  phase  also 
elucidated  the  requirements  for  development  of  commercially  practical  Parmax®  SRP  SLS 
materials. 

The  research  performed  thus  far  eonsisted  of  these  distinct  phases; 

Materials  Formulation:  The  initial  phase  involved  selection  and  development  of 
sinterable  powder  formulations  based  on  Parmax®  SRP  resins  that  would  be  suitable  for 
processing  by  Selective  Laser  Sintering  (SLS)  rapid-prototyping  process.  Four  candidate  powder 
formulations  were  screened  for  sintering.  Decisions  to  focus  on  these  four  candidate 
formulations  were  based  on  a  number  of  properties  of  interest,  most  importantly  powder  partiele 
size,  viscosity,  chemical  structure  and  bulk  density. 

SLS  Trials:  Following  the  identification  of  the  candidate  formulations  by  MPT,  initial 
processing  studies  at  The  University  of  Texas  at  Austin  were  performed.  Following  the  initial 
parameter  determination,  a  set  of  conditions  were  selected  and  the  initial  fabrication  of  the  parts 
was  undertaken.  This  formulation  iteration  consisted  of  2  formulations,  one  of  which  failed  due 
to  the  low  bulk  density  and  taekiness  of  the  powder  (Parmax®  1200-341).  Using  the  second 
formulation,  Parmax®  1200-367,  with  a  bulk  density  an  order  of  magnitude  higher  than  the  first 
attempt,  initial  test  coupons  were  successfully  fabricated.  Both  of  these  formulations  are  based 
on  PaiTnax®  1200,  structure  of  which  is  illustrated  in  Figure  8.  Dimensions  of  the  first  parts  were 
approximately  30  mm  x  7  mm  x  1-3  mm.  Following  a  successful  consolidation  phase,  green 
parts  were  subjected  to  Hot  Isostatic  Pressing  (HIP)  at  Bodycote  IMT  of  London,  OH. 

Mechanical  Properties  Assessment:  Following  this  densification  step,  initial  mechanieal 
properties  were  measured(by  standard  3  point  bend  test)  and  are  reported  in  Table  2,  along  with 
typical  properties  of  nylon  and  polycarbonate  prepared  by  the  SLS  process.  This  data  confirms 
the  hypothesis  that  the  intrinsically  higher  modulus  and  strength  properties  of  Parmax®  SRP 
resins  would  translate  into  higher  meehanical  properties  of  the  SLS  proeessed  components  when 
compared  to  the  eurrent  materials  in  use.  This  is  even  more  remarkable  when  considering  that 
the  bulk  density  of  Parmax®  SRP  resin  utilized  in  these  experiments  is  less  than  50%  of  the 
eonventional  SLS  materials. 
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Powder 

Bulk 

Density 

SLS  Properties 

Material 

Tensile 

Strength 

Flexural 

Modulus 

Nylon 

0.5-0. 6  gm/cm^ 

5,200  psi 

0.13  Msi 

Polycarbonate 

0.6  gm/cm^ 

3,400  psi 

0.15  Msi 

Parmax®* 

1200 

0.25  gm/cm^ 

-10,000 

psi 

0.40  Msi 

Table  2.  Comparison  of  mechanical  properties  of  Parmax®  1200  and  other  SLS 

materials 


Based  on  the  knowledge  base  acquired  during  the  first  effort  iteration,  a  second  set  of 
formulations  was  produced  in  an  attempt  to  improve  on  the  sintering  characteristics  observed 
during  the  initial  trials.  These  included  a  structurally  modified  component,  Parmax®  1215-373 
(Figure  10),  and  a  plasticized  formulation  to  reduce  the  viscosity  (Parmax®  SRP  1200-366).  One 
of  the  formulations,  Parmax®  1200-366,  underwent  particle  reduction  via  a  hammer  mill  in  order 
to  obtain  the  powder  necessary  to  attempt  laser  sintering.  The  second  iteration  of  the  sintering 
trials  succeeded  in  fabricating  parts  of  comparable  quality  to  1200-367  using  Parmax®  1215-373, 
while  the  plasticized  Parmax®  1200-366  proved  very  difficult  to  feed,  owing  to  the  very  coarse 
grain  structure  resulting  from  the  particle  reduction  operation.  Optimization  of  the  laser  sintering 
conditions  was  relatively  limited  owing  to  the  small  supply  of  candidate  resins,  as  well  as  some 
machine  limitations  with  Sinterstation  2000  at  University  of  Texas.  However,  preliminary 
sintering  condition  optimization  successfully  eliminated  several  variables,  thus  rendering  the 
next  phase  optimization  effort  a  much  less  time  intensive  task. 

Conclusion  and  Future  Work 

In  summary,  this  research  effort  was  successful  in  demonstrating  that  Parmax®  SRP 
resins  can  be  consolidated  utilizing  the  SLS  process.  Sintered  components  were  tested  for 
mechanical  properties  and,  as  expected,  far  exceed  mechanical  properties  obtainable  with 
conventional  SLS  polymeric  materials,  even  in  their  current  un-optimized  state,  thus  fulfilling  all 
three  of  the  objectives.  Work  performed  on  a  structurally  modified  Parmax®  1215-373  also 
opens  up  new  and  exciting  possibilities  for  optimizing  the  sinterability  of  Parmax®  SRP  resin 
even  further  through  judicious  chemistry  and  structure  manipulation.  This  reinforces  the 
promise  that  these  materials  hold  for  Rapid  Prototyping  applications  following  the  optimization 
during  the  next  phase  of  research.  Commercial  potential  of  this  development  will  be  especially 
significant  in  laser  sintering  of  a  wide  variety  of  low-volume,  high  integrity  components  for 
many  possible  commercial  and  industrial  prototype  needs,  as  well  as  prototyping  needs  in 
aerospace,  military  and  tooling  areas.  The  ultimate  goal  of  this  project  is  to  produce  materials 
strong  enough  to  be  utilized  as  fully  functional  prototypes,  not  only  visual  design  aides,  and  thus 
fulfill  one  of  the  most  vexing  needs  of  the  laser  sintering  community.  Parmax®  SRP  materials 
appear  ready  to  be  the  materials  the  rapid  prototyping  community  relies  on  to  achieve  these 
ambitious  goals. 


*  Properties  measured  after  Hot  Isostatic  Pressing 
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Recommendations  for  further  work  involves  continuing  focus  on  optimization  of 
Parmax®  SRP  materials  that  were  initially  processed  by  laser  sintering  techniques  during  the 
current  study  as  well  as  the  optimization  of  the  Laser  Sintering  processing  parameters. 
Therefore,  a  dual  track  approach  is  recommended: 

Optimization  of  resin  molecular  architecture  and  composition  (e.g.,  molecular  weight  and 
distribution,  melt  rheology,  additives,  co-monomer  selection,  degree  of  crystallinity  etc.)  and 
powder  characteristics  (e.g.,  particle  size  and  distribution,  bulk  density,  etc.)  to  enable  effective 
sintering  with  high  retention  of  mechanical  properties.  This  work  will  be  performed  under  a 
rigorously  designed  experimental  matrix  in  order  to  maximize  the  efficiency  of  the  research 
effort. 


An  optimal  set  of  laser  sintering  conditions  will  be  established.  This  will  draw  on  the 
preparation  of  initial  test  coupons  fabricated  at  the  University  of  Texas  at  Austin  during  the 
Phase  I  effort,  and  will  be  performed  on  statistically  based  Design-Of-Experiments  (DOE) 
principles.  This  work  will  be  performed  at  University  of  Texas’  Laboratory  for  Free  Forming 
(where  the  technique  was  invented)  to  insure  successful  Laser  Sintering  parameter  establishment. 
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Abstract 


This  study  shows  the  effects  of  aging  on  epoxy-based  rapid  tooling  materials.  Two 
epoxy-acrylate  resins  used  for  stereolithography  and  one  aluminum  powder-filled  epoxy  used 
for  the  high  speed  machining  of  plastic  injection  molds  were  selected  to  investigate  their  aging 
behavior  in  different  environments.  Four  different  conditions,  each  characterized  by  a  specific 
relative  humidity,  were  used  to  perform  a  seven  week  long  aging  study.  Temperature  was  kept 
constant  at  30°C.  Both  stereolithographic  resins  showed  a  drop  in  mechanical  properties  and  in 
their  glass  transition  temperatures  in  wet  environments,  whereas  aging  time  showed  little 
influence  on  these  properties.  Moisture  uptake  is  mainly  responsible  for  that  drop  and 
coefficients  of  water  diffusion  were  determined.  On  the  other  hand,  the  aluminum  powder-filled 
epoxy  showed  little  humidity-dependent  drop  in  mechanical  properties  and  in  its  glass  transition 
temperature  during  aging.  This  result  correlates  well  with  the  very  low  moisture  absorption  of 
this  material. 


Introduction 


Prototype  tooling  for  injection  molding  applications  needs  to  have  a  long  lifetime 
regardless  of  storage  conditions.  Many  RP’s  materials  are  polymer-based.  It  is  imperative 
therefore  that  test  methods  be  developed  in  order  to  predict  the  long-term  durability  of  these 
materials  in  different  environments.  This  study  (Ottemer,  2001)  focuses  on  three  materials  that 
can  be  used  for  soft  tooling  for  injection  molding  applications:  Somos  SL7110,  Ciba  SL7510, 
and  Vantico  Renboard  Ren  Shape-Express  2000.  Both  SL71 10  and  SL7510  are  epoxy-acrylate 
photopolymers  for  stereolithographic  systems  manufactured  by  3D-Systems.  Ren  Shape-Express 
2000  is  an  extremely  fast  milling  aluminum  powder-filled  epoxy  for  prototype  and  short  run 
tooling.  These  three  materials  are  representative  of  the  current  trend  in  polymer-based  rapid 
tooling  materials. 


Aging  of  polymers 


Aging  is  the  term  given  to  various  processes  that  degrade  polymers  over  time.  During 
aging,  one  or  more  environmental  stress  factors  act  on  the  bulk  polymer.  The  effects  of  these 
stress  factors  are  translated  to  the  microscopic/molecular  level  where  changes  occur  in  the 
polymer  network  or  chain.  Allred  (1981)  used  the  glass  transition  temperature  as  an  indicator  of 
any  physical  changes  in  the  resin  due  to  aging. 
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Hydrolytic  aging  is  the  greatest  concern  as  contact  with  water  is  almost  unavoidable. 
Moisture  has  the  most  significant  effect  on  the  reduction  in  the  properties  of  these  materials. 
Moisture  exposure  has  two  important  components: 

•  Diffusion  of  water  into  the  sample:  the  moisture  absorption  of  a  resin  can  be  attributed  to  the 
water's  affinity  for  the  highly  polar  functional  groups  in  the  cured  resin. 

•  Plasticization  of  the  resin:  on  a  molecular  level  the  effect  of  water  associating  with  polar 
groups  is  to  decrease  the  hydrogen  bonding  between  polymer  chains  which  causes 
plasticization  of  the  resin  (Roe,  1991). 

Time-humidity  superposition  principle 

Moisture  aceelerates  the  aging  proeess  in  the  same  way  as  temperature.  A  time-moisture 
principle  has  been  proposed  by  Knauss  and  Kenner  (1980)  where  the  effect  of  moisture  could  be 
explained  by  the  time-humidity  superposition  principle  using  a  shift  factor  as  shown  in  Equation 
1. 

log(o(c))  =  -- - 

B2  +  c  Cq  ^  2  ^ 

Where  a(c)  is  the  shift  factor;  Bj,  B2  are  constants  determined  by  regression;  c,  eo  are  the 
moisture  concentrations  at  time  t,  and  at  an  arbitrary  reference  time,  respectively. 

Sample  Preparation 


Samples  made  of  SL7110  for  tensile,  diffusion,  and  DMA  tests  were  built  with  3D- 
Systems's  stereolithography  machine  SLA250.  Samples  made  of  SL7510  were  built  with  a 
SLA3500.  Parts  were  all  built  vertically  on  the  platform.  After  part  formation,  the  excess  resin 
was  removed  by  rinsing  with  tripropylene  glycol  monomethylether,  followed  by  a  rinse  in 
isopropyl  alcohol.  Then  the  parts  were  post-cured  for  60  minutes  with  UV  light  and  for  120 
minutes  in  a  thermal  oven  at  SO^C.  RenBoard  was  shaped  into  samples  using  a  conventional 
milling  machine. 


Study  of  Moisture  Diffusion 


Time  dependence  of  coefficient  of  diffusion 

The  diffusion  behavior  of  glassy  polymers  cannot  be  described  adequately  by  a 
concentration-dependent  form  of  Pick's  law  with  constant  boundary  conditions.  Deviations  from 
Fickian  behavior  are  considered  to  be  associated  with  the  finite  rates  at  which  the  polymer 
structure  changes  in  response  to  the  sorption  or  desorption  of  penetrant  molecules.  This  viscous 
behavior  of  the  polymer  makes  the  diffusion  time-dependent.  Three  different  equations  were 
used  to  fit  the  data  beeause  the  diffusion  behavior  of  the  resin  systems  did  not  strictly  follow  any 
well-known  model.  Coefficients  of  diffusion  were  determined  by  plotting  the  short-time, 
average,  and  long-time  diffusion  data  using  equations  from  Crank  (1975).  For  short  times. 
Equation  2  was  used. 
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JVft  =  (  ^  2 

oo  jraF"  )  ^2) 

Where  Mt  is  the  mass  uptake  at  time  t,  is  the  mass  uptake  at  infinite  time,  Dg  is  the  coefficient 
of  short-term  diffusion,  t  is  the  time,  and  L  is  the  thickness  of  sample.  Coefficients  of  long-time 
diffusion  were  computed  using  Equation  3,  where  Di  is  the  long  term  diffusion  coefficient. 


M. 


=  1 


8 

-—exp 

Ji 


4Z"  J 


(3) 


Then,  assuming  that  the  coefficient  of  diffusion  is  independent  of  solvent  concentration,  an 
estimated  average  of  this  coefficient  can  be  derived  with  an  error  being  about  0.001  percent 
using  Equation  4  where  the  value  of  (t/L^)  for  which  Mt/M„  =  1/2  is  defined  as  the  half-time, 
(t/L2)i/2. 


D 


av 


0.049 

(^0/2 


(4) 


Moisture  uptake  measurements: 

ASTM  D-570  is  a  standard  test  practice  for  water  absorption.  Eight  standard  specimens 
of  each  material  were  made.  The  dry  weights  of  the  samples  were  recorded  with  an  accuracy  of 
0.1  mg.  Then  half  of  each  kind  of  sample  were  put  in  pure  water  (humidity=100%  and  T=30°C) 
and  the  remaining  half  in  samrated  salt-water.  This  aqueous  solution  has  an  equivalent  relative 
humidity  of  75.1±0.1%  at  30°C,  according  to  the  ASTM  E104.  However,  this  solution  is  not 
totally  equivalent  to  a  75.1%  RH  environment  because  the  osmotic  pressure  created  by  Na"*^  and 
Cr  ions  will  affect  the  leaching  out  of  the  polymer. 

The  samples  were  weighed  at  2  hrs,  4  hrs,  6  hrs  (RenBoard),  8  hrs  (RenBoard),  24  hrs, 
one  week,  and  every  two  weeks  until  they  absorbed  less  than  1%  of  the  total  weight  gain  or  5  mg 
per  two  weeks,  whichever  was  greater.  After  all  the  test  samples  reached  the  termination  criteria, 
they  were  placed  in  a  dessicator  overnight,  and  then  reweighed  in  order  to  observe  any  leaching 
out  of  the  materials.  Figure  1  shows  the  weight  gain  versus  time  of  the  three  materials.  By 
comparing  the  main  trends  of  the  mass  uptakes  for  the  three  materials,  it  appears  that  SL7510 
absorbs  the  most  water  and  RenBoard  the  least.  Also,  the  infinite  moisture  absorption  for  both 
SL7110  and  SL7510  is  lower  when  immersed  into  salt-water,  equivalent  to  a  75.1%  RH 
environment,  than  in  distilled  water.  That  was  not  observed  with  RenBoard. 

The  coefficients  of  diffusion  are  shown  in  Table  I.  These  values  are  consistent  with 
values  of  coefficients  of  diffusion  of  water  in  other  commercial  resins  (Becker  and  Colton, 
2000).  RenBoard  shows  an  odd  behavior  -  the  coefficients  of  diffusion  for  salt-water  immersion 
are  higher  than  those  for  water-immersion.  This  may  be  due  to  a  chemical  interaction  between 
ions  (Na^,Cr)  and  the  aluminum  filler.  Moreover  a  change  of  color  fi'om  gray  to  brown  has  also 
been  observed  after  1  week  of  salt-water  immersion  and  after  3  weeks  of  water-immersion.  Only 
SL7510  immersed  into  water  has  shown  some  significant  leaching  out  (3%  of  material  loss). 
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Figure  1:  Water  uptake 


Table  I:  Coefficients  of  diffusion 


mm^/s 

D  short 

D  average 

D  long 

SL7510  -  100%RH 

lO.OE-7 

21.8E-7 

13.8E-7 

SL7510-75%RH 

3.1E-7 

9.2E-7 

8.6E-7 

SL7110-  100%RH 

3.3E-7 

9.4E-7 

2.3E-7 

SL7110-75%RH 

2.1E-7 

5.4E-7 

1.4E-7 

RenBoard  -  100%RH 

2.1E-7 

8.5E-7 

2.5E-7 

RenBoard  -  75%RH 

10.7E-7 

20.7E-7 

7.4E-7 

A2ing  study 

Eighty-four  samples  of  each  material  were  immersed  in  distilled  water  at  30°C.  The 
same  number  of  samples  were  put  in  a  bath  of  saturated  aqueous  salt  solution,  equivalent  to  a 
75.1%  RH  environment  at  30°C.  Another  set  of  samples  were  exposed  to  ambient  atmosphere 
kept  at  30°C  (dry-bulb  temperature)  by  the  use  of  a  ventilated  thermal  oven.  The  RH  of  the 
environment  varied  other  time  due  to  weather  conditions.  It  was  30±5%  at  30°C  during  the  aging 
study  on  SL7510,  23±5%  at  30‘’C  during  the  study  of  SL7110,  and  20±6%  at  30°C  during  the 
study  of  RenBoard.  Finally,  a  dessicator  placed  in  the  oven  provided  dry  conditions  for  the  last 
set  of  samples. 


Mechanical  properties: 
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At  specified  aging  times,  two  sets  of  three  samples  of  each  material  were  removed  and 
dynamical  mechanical  analysis  (DMA)  and  tensile  test  were  performed. 

Storage  modulus  E’  and  Glass  Transition  Temperature  Tg. 

These  characterizations  were  made  with  DMA  testing  (DMA  2980,  TA  Instruments,  New 
Castle,  DE)  in  the  single  cantilever  flexural  mode  at  a  frequency  of  IHz  and  an  amplitude  of 
deformation  of  20  _m.  E’  and  Tg  were  recorded  during  a  temperature  ramp  of  3°C/min  from 
30°C  to  130°C  for  both  SL71 10  and  SL7510  and  from  30°C  to  270°C  for  RenBoard.  Tg  was 
measured  at  the  peak  of  tan_=E”/E’. 

Young’s  modulus  and  ultimate  tensile  properties 

Standard  ASTM  D638  was  used  as  a  guideline  for  the  mechanical  testing  procedure.  A 
tensile  testing  machine  (Instron  4466,  Canton  MA)  with  a  10  kN  load  cell  was  used,  and  an 
extensometer  was  mounted  on  the  sample.  The  cross  head  speed  was  0.25  cm/min.  Both  strain 
and  load  were  recorded. 

Aging  behavior  of  SL7510  and  SL71 10: 

The  evolution  of  the  glass  transition  temperature  is  a  good  indicator  of  the  aging  behavior 
of  a  material.  Figure  2  shows  the  evolution  of  the  Tg  of  SL7510.  After  an  induction  period  of 
around  400  hr  due  to  diffusion  of  water  inside  the  materials  (area  I  on  Figure  2),  the  Tg  becomes 
time-independent  and  shows  a  marked  decrease  with  RH  due  to  the  effect  of  moisture  uptake  on 
the  material  (area  II  on  Figure  2).  From  96°C  for  the  dry  environment,  the  Tg  of  SL7510  drops 
down  to  55°C  for  the  wet  environment.  This  drop  is  an  indication  that  the  resin  is  being 
plasticized  by  moisture  uptake. 

The  results  of  the  mechanical  tests  are  similar  for  both  SL  resins,  showing  a  drop  in 
properties  in  wet  environments,  except  for  the  yield  strain  which  remains  mostly  unaffected  and 
constant,  whatever  the  aging  time  or  the  RH  of  the  environment. 

After  a  400  hr  induction  period,  aged  SL7510  samples  show  a  66%  decrease  in  ultimate 
tensile  strength  from  dry  to  wet  environments.  Initial  properties  were  UTS  =  54.5  MPa,  E  = 
2407  MPa,  E'  =  2200  MPa,  and  ultimate  strain  =  5.75%.  On  the  other  hand,  the  tensile  strength 
remains  constant  for  the  dry  environment,  with  a  slight  increase  observed.  The  storage  modulus, 
E’,  and  the  Young’s  modulus,  E,  of  SL7510  also  reveal  the  same  behavior  (Figure  3):  first  an 
induction  period  followed  by  a  time-independent,  RH-dependent  stage.  It  also  is  observed  that 
the  ultimate  and  yield  strengths  of  SL7510  decrease  with  RH  in  the  same  way  as  Tg,  E’,  and  E. 


260 


110 


o 

O' 

Eh 


100 

90 

80 

70 

60 

50 

40 


C 


X 


V' 


II 

♦ 

♦ 

- ■ - — 

• 

♦  t  ♦ 

■ . r . 

i  ♦  0%  RH 

m  ■ 

i A  30%  RH 

■  75%  RH 

.  - ^ -  -J  •  100%  RH 

■  ■ 

'  -  -0  -  - 

• 

• 

•  : 

0  200  400  600  800  1000  1200  1400 


aging  time  (hrs 


Figure  2:  TgofSL7510 
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Figure  3:  Young's  modulus  of  SL75 10 

The  same  overall  behavior  is  observed  for  SL7110,  but  to  a  lesser  extent.  Its  initial 
values  were  UTS  =  52  MPa,  E  =  2450  MPa,  E'  =  2000  MPa,  and  ultimate  tensile  strain  =  4.6%. 
After  an  induction  period  of  around  400  hr,  the  Tg  becomes  more  time-independent  and  shows  a 
marked  decrease  with  RH  (Figure  4).  From  108"C  for  the  dry  environment,  the  Tg  drops  down  to 
75"C  for  the  wet  environment.  The  mechanical  test  results  indicate  the  same,  showing  a  drop  in 
properties  in  wet  environments,  but  here  the  properties  are  ruled  by  a  200  hr  induction  stage. 
The  ultimate  tensile  strength  is  25.3%  higher  than  initially  in  dry  and  ambient  environments, 
remains  constant  when  immersed  into  the  75.1%  RH  environment,  and  drops  12%  from  its 
unaged  value  when  submitted  to  the  wet  environment. 
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Figure  4:  TgofSL7110 
Aging  behavior  of  RenBoard: 

RenBoard  does  not  behave  like  the  two  other  materials.  The  initial  values  were  UTS  = 
52  MPa,  E  =  15000  MPa,  E'  =  6026  MPa,  and  the  ultimate  tensile  strain  =  0.83%.  Figure  5 
shows  the  evolution  of  the  Tg  of  RenBoard  with  aging  time.  The  variations  observed  are  not 
significant.  The  Tg  remains  quite  constant  at  248‘’C  whatever  the  aging  time  or  the  RH  of  the 
environment.  The  mechanical  results  indicate  the  same,  showing  almost  no  significant 
variations.  Whatever  the  aging  time  or  the  RH,  the  material  failed  in  a  brittle  manner.  This  is 
different  from  the  behavior  of  SL7510  and  SL71 10. 
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Figure  5:  TgofRenboard 
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Conclusions 


The  aging  behaviors  of  three  epoxy-based  rapid  tooling  materials  were  investigated  under 
four  different  moisture  environments  at  30°C  over  seven  weeks.  Two  were  stereolithographic 
resins  and  showed  a  drop  in  mechanical  properties  and  in  their  glass  transition  temperatures  in 
wet  environments,  whereas  aging  time  had  no  significant  influence  on  these  properties.  The 
magnitude  of  the  drop  of  mechanical  properties  was  found  to  be  related  directly  to  the  magnitude 
of  the  moisture  uptake  by  the  material.  The  properties  (Tg  and  mechanical  properties)  first 
undergo  an  induction  period  led  by  moisture  absorption  and  then  reach  asymptotic  values,  which 
are  functions  of  the  infinite  mass-uptakes.  The  higher  the  moisture  absorption,  the  more  affected 
are  the  properties.  The  third  material,  an  aluminum-filled  epoxy,  did  not  show  significant 
humidity-dependent  drops  in  mechanical  properties  and  in  its  glass  transition  temperature.  This 
result  correlates  well  with  the  very  low  moisture  absorption  ability  found  for  this  material. 
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Abstract 

The  possibility  to  increase  the  density  of  applied  metal  powder  in  the  Sinterstation  has  been 
investigated  by  successive  addition  of  smaller  sized  particle  fractions  to  a  base  powder.  The  optimal 
composition  for  each  blend  was  determined  experimentally,  and  their  apparent  densities  were  compared 
to  the  densities  after  Sinterstation  application.  The  principal  limiting  fectors  for  the  density  of  metal 
powder  in  the  Sinterstation  were  found  to  be  the  interparticle  fiiction  and  the  small  sized  particles’ 
tendency  to  form  a  suspension  in  the  air.  Finally,  based  on  the  evaluation  of  the  different  powder 
compositions’  behavior,  a  practical  upper  limit  of  loose  metal  powder  density  was  estimated  to  86%, 
when  applied  by  a  Sinterstation.  The  highest  applied  powder  density  in  this  investigation  was  a  binary 
blaid  with  68.60%  relative  density. 


1.  Introduction 

Some  of  the  major  challenges  facing  the  SFF  technology  today  are  concerned  with  the 
manufacturing  of  tools  and  other  objects  in  metal.  Several  technologies  have  been  developed,  but 
despite  rapid  progress  there  are  still  many  more  challenges  to  meet  and  properties  to  be  improved.  The 
commercial  direct  tooling  and  metal  applications  of  SFF  technology  are  dominated  by  different  powder 
based  techniques,  such  as  DTM’s  SLS,  EOS’  DMLS  and  ProMetal.  In  all  these  approaches,  the 
materialization  of  objects  starts  by  the  spreading  of  loose  powder  layers  over  a  processing  area.  The 
particles  are  then  either  fused  by  a  melting  Suction  of  the  compound  with  the  laser,  and  thus  densify  by 
pointwise  liquid  phase  sintering  (EOS),  or  glued  together  for  sintering  and  infiltration  in  a  separate 
furnace  (DTM,  ProMetal).  Both  strategies  does  somewhat  limit  the  possible  material  systems  and  no 
manufacturer  has  yet  marketed  a  hardenable  tool  steel  material.  However  a  combined  approach,  using 
liquid  phase  sintering  of  the  whole  object  during  a  separate  furnace  cycle,  could  probably  be  used  to 
overcome  this  gap  [1],  [2]. 

In  all  these  approaches  a  cracial  point  is  the  density  in  the  applied  powder  layers.  For  the 
furnace  requiring  approaches,  50%  density  is  a  minimum  to  avoid  distortion  during  processing  [3].  An 
increased  loose  powder  density  would,  apart  from  improving  green  strength,  also  have  a  positive  impact 
on  precision  and  surface  quality  as  well  as  decrease  the  need  for  liquid  phase  or  infiltrant  in  order  to 
reach  the  desirable  density  It  is  the  purpose  of  this  present  work  to  investigate  the  practical  possibility  to 
increase  the  density  and  improve  the  quality  of  the  loose  powder  mass  applied  by  a  Sinterstation,  by  the 
addition  of  finer  powder  grades.  Thereby  indicate  what  the  main  limiting  factors  are,  and  whether  there 
is  an  upper  practical  limit,  for  the  loose  metal  powder  density  m  the  current  Sinterstation  system. 
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2.  Background 

The  packing  of  particles  is  a  field  of  importance  not  only  within  the  area  of  metals  SFF,  but  in 
a  vast  range  of  areas.  Needless  to  say,  it  has,  in  different  forms  been  the  subject  of  research  several 
times  before.  In  a  fundamental  work  Me  Geary  [4]  investigated  the  basic  scientific  laws  for  the  packing 
of  spherical  particles,  and  an  arrangement  with  95.1%  of  theoretical  density  was  reported.  To  achieve 
this,  a  four  component  packing  composition  was  used,  where  each  finer  grade  was  vibrated  into  the 
voids  of  a  matrix  formed  by  the  larger  sized  grains.  Powder  densities  of  that  magnitude  are  usually  found 
only  in  compressed  green  bodies  prior  to  sintering.  Even  though  such  reports  are  encouraging,  the  set  up 
was  idealized,  and  the  results  could  probably  not  be  duplicated  on  a  practical  SLS  system. 

In  the  field  of  SFF,  Karapatis  et.  al.  [5]  used  an  idealized  experimental  set  up  to  investigate 
the  effect  of  relative  size  ratio  on  the  density  of  a  single  applied  layer  of  a  binary  powder  blend,  and 
thereby  achieved  binary  layers  with  63%  relative  density.  However  the  size  range  used  for  the  particles 
(up  to  150  pm)  was  but  a  bit  outside  what  could  be  used  in  a  practical  SFF  system  with  acceptable 
precision.  Furthermore,  only  single  layers  were  used  which  gave  a  large  influence  to  wall  effects,  which 
may  not  be  as  important  in  a  real  powder  spreading  process.  In  particular  as  the  spreading  procedure 
used  was  not  similar  to  the  counter- moving  roller  used  in  the  Sinterstation. 

This  work  takes  a  practical  approach  to  powder  application.  The  powders  were 
experimentally  applied  in  a  Sinters  station,  and  powder  grades  were  primarily  selected  in  respect  to: 

1 .  Size  range;  for  optimal  packing  of  a  loose  powder  mass,  it  is  necessary  that  the  finer  powder  grains 
are  filling  the  voids  between  the  larger  grains.  From  a  theoretical  analysis  it  has  been  found  that 
suitable  proportions  would  be  1:7:49:343... [6].  The  largest  grain  size  is  determined  by  maximum 
acceptable  layer  thickness,  which,  in  respect  to  precision,  is  0.1  mm.  The  smaller  grain  sizes  are 
limited  by  availability  in  the  suitable  size  range. 

2.  Shape;  smooth  spherical  shape  is  superior  in  respect  to  internal  fiiction  and  packing  properties 

[6], [4]. 

3.  Availability;  all  powders  used  should  be  available  as  commercial  grades. 

4.  Handling;  since  the  current  Sinterstation  systems  requires  manual  powder  handling,  it  should  be 
possible  to  handle  the  powders  without  damaging  the  equipment  or  the  health  of  the  operator. 

These  aspects  taken  in  respect,  suitable  iron  base  alloyed  powders  were  selected.  Due  to  limited 
availability  in  the  smaller  size  ranges,  the  number  of  components  in  the  powder  blends  are  limited  to 
three.  If  the  wall  effects  are  a  dominant  limiting  factor  also  in  reality,  then  the  applied  powder  density 
should  in  all  cases  be  smaller  compared  to  apparent  density.  To  investigate  this,  each  powder 
compound  was  prepared  with  an  experimentally  determined  composition,  and  the  apparent  density  prior 
to  Sinterstation  application  was  measured  to  be  compared  to  the  density  of  the  applied  powder  mass. 

2.  Experimental 
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3.1  Experimental  procedure 


A  Sinterstation  2000  was  used  in  these  experimerts.  The  apparent  density  of  each  powder 
prior  to  Sinterstation  application  was  measured  by  a  simple  procedure  with  a  graduated  cylinder  and  a 
precision  scale.  A  generic  build  file  was  used  to  apply  a  suflBcient  amount  of  powder  in  the 
Sinterstation’s  part  cylinder.  After  termination  of  the  build,  the  powder  in  the  build  chamber  was 
removed  in  level  with  the  chamber  floor,  and  the  position  of  the  part  piston  was  noted  ^ )  •  Th® 

powder  in  the  part  cylinder  was  removed  by  subsequently  raising  the  piston  0.5  mm,  and  scraping  off 
each  layer  with  a  straight  edge  blade.  This  was  repeated  until  all  the  applied  powder  was  collected  in  a 
container,  and  the  second  position  of  the  part  piston  was  noted  {h^ ) .  The  powder  mass  in  the  container 

(w)  was  weighed  on  a  precision  scale  and  the  density  of  the  applied  powder  )  as  well  as  relative 

density  )  was  calculated  by  relation  with  part  cylinder  volume  (y)  and  theoretical  density  of  the 
massive  material  (p„, ). 
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Eq.  1.  &  2. 


Each  powder  went  through  several  experimental  cycles  in  order  to  establish  the  powder 
mass’  behavior  in  the  Sinterstation  under  varying  powder  application  conditions,  such  as  feed  rate  and 
roller  speed.  Following  this  procedure  the  behavior  of  powders,  consisting  of  one,  two  and  three 
components  were  examined  in  respect  to  general  powder  behavior  and  applied  powder  density.  To 
ensure  comparabihty  between  the  different  powders,  each  composition  was  made  by  adding  a  smaller 
grained  fraction  to  the  previous  powder  compound. 

3.20ne  Component 
3.2.1  The  Powder 

Large  sized  grains:  For  bulk  material,  a  highly  alloyed,  gas  atomized  tool  steel  powder, 
Anval  60,  from  Dynamet  Anval,  was  selected,  see  Fig.  1.  The  chemical  composition  and  size  range  of 
this  powder  can  be  found  in  Tables  1  &  2. 
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Table  L  The  chemical  composition  of  Anval  60. 


Table  2. 


Micron 

90 

75 

63 

45 

Mesh 

170 

200 

230 

325 

%< 

96 

76 

43 

8 

Table  2»  The  sieve  analysis,  (ASTM-El  I)  of  Anval  60. 
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Fig,L  Anval60.  A  highly  alloyed  tool  steel  material,  with 
the  characteristic  spherical  shape  of  gas  atomized  metal 
powder.  The  spherical  shape  is  known  to  have  the  lowest 
interparticle  friction  and  thus  the  best  possible  flowing 
behavior  and  packing.  As  in  all  commercial  powders  a 
size  range  interval  is  hardly  avoidable.  The  apparent 
density  was  experimentally  found  to  be  4.68  g/  cm  ,  or 
57.16  %  relative  density.  The  density  of  solid  Anval  60 
alloy  is  calculated  to  8, 1874  g/ cm^ . 

3,2.2  In  the  Sinterstation 

The  powder  was  cycled  twice  through  the  experimental  procedure,  no  visible  differences  in 
powder  behavior  was  observed.  The  powder  had  excellent  free  flowing  behavior.  The  applied  powder 
densities  found  was  =  60.82% ,  and  =  60.09% . 

3.2.3  Conclusion 

The  apparent  density  of  this  powder  may  seem  rather  low,  but  considering  the  size  ran^ 
interval,  it  is  reasonable  to  find  a  lower  density  compared  to  more  narrow  size  intervals.  Still,  the 
considerably  higher  relative  density  when  applied  by  the  Sinterstation  indicates  that  the  powder  grains 
are  being  distributed  in  a  favorable  manner,  and  that  the  wall  effects  are  not  a  significant  limiting  factor  in 
the  Sinterstation  applied  powder  mass. 


3.3  Two  Components 
3. 3. 1  The  Powder 

Intermediate  sized  grains:  To  fit  into  the  voids  between  the  larger  particles,  the  powder  of 
intermediate  particle  size  should  not  be  larger  than  l/7th  of  that  grain  size.  Since  a  particle  size  interval 
for  both  coarse  and  fine  powders  seems  unavoidable,  a  fine  powder  where  the  larger  part  of  the  grains 
could  fit  into  the  voids  of  the  larger  part  of  the  coarser  grain  mass  was  selected,  in  this  case  Carbonyl 
Iron  CL  from  BASF,  see  Fig.  2.  The  chemical  composition  and  size  range  of  this  powder  can  be  seen 
in  Tables  3  &  4. 
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Table  3.  The  chemical  composition  of  BASF  Carbonyl  Iron  Powder  CL. 


267 


Table  4. 
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Table  4,  The  particle  size  distribution  (Microtrac  XlOO)  of  BASF  Carbonyl  Iron  Powder  CL. 

Fig.  2.  Carbonyl  Iron  CL.  Almost  pure  iron,  with  the 
spherical  shape  typical  of  carbonyl  metal  powder.  In  this 
size  range  the  interparticle  friction  associated  with  Van  der 
Waals  and  electrostatic  forces  are  of  increasing  importance. 
Nevertheless  the  spherical  shape  still  is  the  best  possible 
considering  flow  and  packing  properties.  As  in  all 
commercial  powders  a  size  range  interval  is  unavoidable. 
Tap  density,  given  by  the  manufacturer,  is  3.8-4. 5  g/ cm^ , 
ASTM B527  (analog).  The  chemical  composition  suggests 
that  it  is  reasonable  to  estimate  the  density  of  the  solid 

material  to  be  the  same  as  pure  iron:  7.86  g/Cffl^ . 

Optimal  composition  in  tenns  of  weight  fiaction  large  particles  X*  can,  according  to  [6]  be  calculated 
by:  X*  =  fi/f*,  Eq.  3.,  where  is  the  fiactional  packing  of  large  particles.  /  *  is  the  packing 
density  at  optimal  composition,  given  as  /*  =  /^  +  /^  (1  -  /^ ) ,  Eq.  4.,  where  is  the  fiactional 
packing  of  small  particles.  has  been  determined  experimentally  to  0.60,  and  the  tap  density  interval 
was  used  to  find  /^ .  Tap  density:  =  -4.5  g/cm^  ;  7. 86  g/cm^  =>  =  48.35%- 

57.25%,  thus,  fg  =  0.4835-5725.  Eq.  3.  &  Eq.  4.  =>  X*  =  0.7245-0.7569.  Compensated  for  the 
difference  in  specific  mass  this  gives  that  the  optimal  composition  would  include  25.30-28.65  weight  % 
Carbonyl  Iron  Powder  CL.  Such  a  compound  could  give  a  theoretical  maximum  packing  density,  /  * , 
of  79.39-82.94%  of  the  solid  material.  Several  compositions  with  weight  fiaction  Carbonyl  Iron  CL 
varying  fi-om  2 1 .8%  to  32.24%  was  mixed  in  a  horizontally  rotary  type-blender,  and  the  densities  were 
measured.  With  higher  fiaction  fine  particles,  the  fi’ee  flowing  properties  decreased,  as  the  interparticle 
fiiction  and  the  tendency  to  form  agglomerates  in  the  powder  blend  increased.  This  made  the 
measurement  of  apparent  densities  more  uncertain.  The  variation  of  the  achieved  densities  can  be  seen 
in  Fig.  3. 
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Relative  Density,  Two  Components 

[  Relative  Density  I 


Fig.  3. Relative  densities  of  the  binary  blend  of  AnvaldO  and  BASF  Carbonyl  Iron  Powder  CL. 
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With  compensation  for  some  divergent  values  the  trend  is  obvious  in  Fig.  4. 


In  conclusion  of  these  experiments,  a  powder  compound  was  composed  by  blending  26% 
Carbonyl  Iron  CL  into  a  base  of  Anval  60.  This  binary  blend  has  a  relative  apparent  density 
experimentally  found  to  be  63.88%.  The  solid  density  is  calculated  to  8.1  g/cm^ . 

3.3.2  In  the  Sinterstation 


The  powder  properties  were  examined  according  to  the  experimental  procedure.  The 
powder  body’s  consistency  was  similar  to  moist  sand,  and  apart  from  a  tendency  to  form  agglomerates 
and  a  general  decreased  free  flowing  behavior,  the  powder  showed  a  disposition  to  raise  dust  in  the  air 
during  handling.  Still,  the  powder  spread  well  and  showed  no  visible  signs  of  powder  segregation  during 
the  application  of  layers  in  the  part  cylinder.  Obtained  densities  related  to  roller  speed  and  feed  rate  can 
be  seen  in  Fig.  5.  &  6. 


Powder  Density  by  Feed  Rate 


Q  Obtained  Densities 


0.2  0,21  0,25  0,3 

Left/Right  Feed  Rate 


Powder  Density  by  Roller  Speed 


o Obtained  Densities  o  Remixed  Material  ORemixed  Material,  Full  Amount 


Roller  Speed 


Fig*  5.  Powder  densities  obtained  by  variation  of 
feed  rate.  At  feed  rate  0.20  the  amount  of powder 
was  insufficient  to  fill  the  layer  of  the  part  cylinder. 
Roller  speed  is  set  to  100. 


Fig.  6.  Powder  densities  obtained  by  variation  of 
roller  speed.  The  two  extra  runs  at  roller  speed 
100,  was  made  to  find  out  whether  the  lower 
densities  in  this  test  series  was  caused  by  powder 
segregation.  Left/right  feed  rate  is  set  to  0.21. 
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Since  the  second  test  series  concerning  roller  speed  gave  a  considerable  lower  density  at 
conditions  identical  to  the  most  favorable,  it  was  suspected  that  a  segregation  in  the  powder  mass 
had  occurred.  However,  after  recycling  the  powder  in  the  mixer,  a  smaller  sample  of  powder 
obtained  an  even  lower  density,  and  the  full  amount  of  powder  showed  only  a  slight  increase. 
Evidently  segregation  was  not  the  problem. 

3.3. 3  Conclusion 

The  addition  of  a  second,  smaller  sized  powder  gave  a  distinct  increase  in  powder 
density.  The  densities  obtained  were  however,  not  in  the  range  of  the  theoretically  achievable. 
Increased  roller  speed  had,  if  any,  a  small,  and  possibly  negative  effect  on  the  powder  packing.  Feed 
rates  above  the  necessary  to  complete  the  new  powder  layer  showed  a  distinct  negative  effect  on  the 
obtainable  powder  densities.  The  apparently  increased  interparticle  friction  in  the  powder  compound 
could  explain  this.  A  free  flowing  powder  forms  a  rolling  wave  in  front  of  the  roller  during  the 
spreading  of  each  new  layer.  With  the  interparticle  friction,  the  free  flowing  behavior  is  reduced  and 
the  powder  partially  forms  a  “wedge”  of  agglomerates  that  is  being  pushed  along  by  the  roller.  An 
increase  in  mass  of  such  a  wedge  would  induce  a  higher  pressure,  and  thus  higher  frictional  shear  in 
the  applied  powder  bed  below,  causing  cracks  and  poor  packing  in  the  applied  layer.  The  counter 
rotation  of  the  roller  does  lift  and  transport  some  powder,  but  only  grains  in  direct  contact  with  the 
rollers  moving  surface.  There  is  only  a  limited  rolling  motion  in  this  powder  blend  during  the 
application  of  new  layers. 

Densities  above  the  measured  apparent  density  of  this  powder  composition  were 
obtained  in  the  Sinterstation.  This  could  be  explained  by  the  strong  effect  fiiction  has  on  the  used 
method  for  the  measurement  of  apparent  density,  but  in  the  Sinterstation  does  the  powder  motion 
probably  also  have  an  influence.  The  counter  rotating  motion  of  the  roller  is  likely  to  have  a  vibratory 
effect  on  the  upper  surface  of  the  applied  layer,  as  well  as  exerting  slight  downward  pressure  on  the 
last  thin  “edge”  as  the  powder  is  being  moved  ahead.  These  conditions  are  not  entirely  unlike  those 
idealized  conditions  used  in  McGeary’s  experiments,  [4],  mechanically  inducing  percolation  of  fine 
powder  in  each  layer.  These  results  confirm  that  the  influence  of  the  powders’  interparticle  friction 
dominates  over  the  influence  of  wall  effects  on  the  density  of  Sinterstation  applied  powders. 

The  lower  densities  obtained  by  tbe  repetition  of  early  experimental  runs  was  a  mystery 
with  separation  ruled  out  as  an  explanation.  However  by  re- weighing  the  powder  mass  it  was  found 
that  a  significant  amount  of  powder  had  been  lost  during  handling.  There  are  no  obvious  leaks, 
except  for  the  powder’s  tendency  to  raise  dust  in  the  air.  Given  a  moderate  estimation,  that  75%  of 
thereby  lost  powder  is  fine  sized  Carbonyl  Iron  CL,  that  would  leave  a  blend  with  only  23.75% 
Carbonyl  Iron  CL.  Such  a  composition  had  a  relative  apparent  density  of  approximately  63%  (Fig. 
4.).  In  that  case,  the  densities  obtained  in  the  last  experimental  runs  follow  the  pattern  of  the  earlier  in 
respect  to  the  obtained  densities.  Therefore  this  assumption  is  being  made  for  the  continued 
experiments. 
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3.4  Three  Components 
3. 4. 1  The  Powder 

Smallest  sized  grains:  The  third  size  range  is  supposed  to  fit  into  the  voids  between  the 
grains  in  the  binaiy  powder  blend.  As  both  previous  components  show  a  size  range  interval,  the 
prediction  of  the  actual  sizes  of  these  voids  is  hardly  possible.  However,  by  selecting  the  smallest 
available  powder,  with  an  average  particle  size,  within  the  range  to  fit  into  the  matrix  of  the 
intermediate  sized  powder,  it  was  estimated  that  this  addition  would  give  an  increase  in  loose  powder 
density.  The  selected  powder  was  Carbonyl  Iron  Powder  HQ  from  BASF,  see  Fig.  7.  The  chemical 
composition  and  grain  size  distribution  can  be  seen  in  Tables  5  &  6. 

Fig,  7,  Carbonyl  Iron  HQ.  Almost  pure  iron,  with  the  spherical 
shape  typical  of  carbonyl  metal  powder.  In  this  size  range,  the 
friction  is  associated  with  Van  der  Waals  and  electrostatic  forces, 
and  is  thus  increasingly  independent  of  particle  shape. 
Nevertheless,  the  spherical  shape  still  is  the  best  possible 
considering  the  achievable  packing  properties.  As  in  all 
commercial  powders  a  size  range  interval  is  hardly  avoidable, 
and  with  smaller  particle  size,  the  relative  size  interval  increases. 

Tap  density,  is  given  by  the  manufacturer,  to  3,8 -4.5  g/cm  ^ , 
ASTM B527  (analog).  The  chemical  composition  suggests  that  it 
is  reasonable  to  estimate  the  density  of  the  solid  material  to  be  the 

same  as  pure  iron:  7.86  g/Cm  . 


Table  5. 


Element 

Fe 

c 

N 

_ Q 

Unit 

WBMM 

Limit 

Min.97.5 

0.7-1. 0 

0.7-1. 0 

0.3-0.5 

Table  5,  The  chemical  composition  of  BASF 


Carbonyl  Iron  Powder  HQ. 


H 

cr 

Ie6. 

Size  Distr. 

DIO 

D50 

D90 

Unit 

um 

um 

um 

Limit 

1.2 

2.5 

4.0 

Table  6.  The  particle  size  distribution  of  BASF 
Carbonyl  Iron  Powder  HQ. 


To  find  a  suitable  composition  for  the  ternary  powder  an  experimental  approach  was  used.  Different 
blends  with  varying  composition  was  mixed  and  the  apparent  density  was  measured.  The  variation  of 
the  achieved  densities  for  respective  composition  can  be  seen  if  Mg.  8. 


Considering  that  the  increased  interparticle  fiiction  in  the  ternary  blends,  made  the 
difficulties  of  apparent  density  measurement  increase  with  the  fraction  Carbonyl  Iron  HQ,  and  that  a 
different  measuring  cylinder  was  used  for  blends  12  and  13  the  difference  in  density  are  in  general 
small  among  these  compositions.  Nevertheless  in  conclusion  of  this  experimental  series,  a  powder 
compound  was  composed  by  with  73.35%  Anval  60, 14.10%  Carbonyl  Iron  CL,  and  12.55% 
Carbonyl  Iron  HQ.  This  ternary  blend  has  a  measured  relative  apparent  density  of  68.40%.  The 
solid  density  is  calculated  to  8.1  g/crn^ . 
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Relative  Density,  Three  Components 

|~^  . Relative  Density] 


1  62 
Q> 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24 

Three  Component  Blends 


Blend 

Anval  60 

CL 

HO 
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CL 

HO 

1 

84,27 

15,23 

0 

13 

74,86 

14,08 

11,06 

2 

83,24 

15,54 

1,23 

14 

74,96 

14,08 

11,06 

3 

82.23 

15.35 

2.42 

15 
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4 

81.24 

15.17 
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16 
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11.76 
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4,73 

17 

72,4 
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19 
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20 

69,42 
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13,45 

9 

76.65 

■EM 

9.04 

21 

68.28 

17,77 

13.95 

10 

75.8 

14.15 

9.04 

22 

67.04 

18.46 

_ _ 

11 

74.96 

13.99 

9.04 

23 

65.71 

19.21 

15.08 

12 

74,96 

13,99 

9,04 

24 

64,26 

20,02 

15,72 

Fig.  8.  Compositions  and  relative  densities  of  the  ternary  blends. 


3.4.2  In  the  Sinterstation 

The  powder  was  examined  in  the  Sinterstation  according  to  the  experimental  procedure. 
With  a  body  consistency  quite  similar  to  wet  sand,  the  powder  showed  much  interparticle  friction 
and  was  also  difficult  to  handle  without  raising  smoke -like  dust  The  compound  hardly  had  anything 
like  free  flowing  behavior  and  was  more  likely  to  form  agglomerates  than  not.  Since  the  powder 
tended  to  stick  to  the  roller,  scrapers  were  installed.  Several  cycles  were  preformed  to  investigate 
the  powder  compound’s  spreading  behavior  and  find  suitable  process  conditions.  The  obtained 
densities  can  be  seen  in  Fig.  9.  In  difference  from  the  powder  in  the  part  cylinder,  the  powder 
distributed  around  the  building  area  settled  to  a  stable  and  apparently  veiy  dense  surface,  whereas 
the  powder  mass  in  the  part  cylinder,  remained  unstable  and  shifted  with  every  pass  of  the  roller. 
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Fig.  9.  Powder  densities  obtained  by  variation  of 
feed  rates  and  roller  speeds.  The  powder  showed 
unstable  behaviour  and  the  applied  layers  were 
uneven  and  cracked.  As  the  different  cycles  at  0.20 
feed  rate/100  roller  speed  shows,  the  results  are  of 
dubious  reproducibility. 


3.4.3  Conclusion 


The  addition  of  a  third  component  did  increase  the  apparent  density  of  the  powder  mass, 
but  in  difference  to  the  binary  blend  that  increase  could  not  be  observed  in  the  Sinterstation.  The 
obtained  densities  were  on  the  contrary  significantly  lower  than  those  obtained  with  the  binary  blend. 
Despite  variation  in  both  roller  speed  and  feed  rate,  a  stable  behavior  in  the  applied  powder  mass 
could  not  be  found.  This  is  explained  by  the  strong  disposition  to  form  agglomerates  and  is  in  analogy 
with  the  explanation  of  the  behavior  of  the  binary  powder.  A  higher  interparticle  fiiction  in  the 
powder  mass  causes  a  stronger  fiictional  shear  in  the  underlying  layers.  When  the  shear  is  too  big  the 
powder  mass  starts  to  shift.  The  frictional  shear  depends  on  both  the  inner  fiiction  in  the  powder 
mass  and  the  pressure  applied  by  the  mass  of  transported  powder  during  spreading. 

These  phenomena  in  combination  with  the  general  problems  of  handling  extremely  fine 
powder,  makes  metal  powder  compositions  containing  grain  sizes  in  the  range  of  one  micron  or 
smaller,  unlikely  as  practical  SLS  materials. 


5.  Conclusions 

It  has  been  established  that  the  addition  of  particles  of  a  smaller  size  range  can  increase 
the  relative  density  of  a  powder  mass  applied  in  the  Sinterstation.  It  is  furthermore  concluded  that  the 
principal  limiting  factors  for  such  an  approach  to  densification  of  the  powder  mass  are:  the  availability 
of  suitable  powder  grades,  the  inner  fiiction  of  the  powders  \vith  smaller  particle  sizes,  and  the 
dusting  of  fine  sized  powder  grades. 

1 .  Availability:  Each  additional  smaller  sized  powder  component  should  be  of  a  narrow  size  interval, 
and  maximum  1/7'’  of  the  diameter  of  the  larger  particles  to  increase  the  density  of  a  powder 
mass.  It  is  obvious  that  there  are  limits  to  how  fine  powders  and  how  narrow  grain  size  ranges 
can  be  obtained  at  a  reasonable  cost. 
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2.  Inner  friction  of  fine  powders;  As  particle  sizes  reach  the  range  of  1-2  microns  or  smaller,  the 
pure  powder  shows  a  dominant  tendency  to  agglomerate,  which  counteracts  the  densification  as 
well  as  separation.  This  effect  codd  possibly  be  reduced  by  addition  of  some  sort  of  lubricant  to 
the  powder.  However  this  lubrication  would  in  it  self  reduce  the  powder  density,  and  it  is  most 
uncertain  how  such  an  addition  would  influence  the  behavior  during  the  further  processing. 

3.  Dusting  of  fine  powders:  A  suspension  of  metal  particles  is  not  an  ideal  atmosphere  for  electronic 
equipment,  which  must  include  SFF  equipment.  Even  less  so  considered  that  such  suspensions 
are  deemed  highly  flammable  and  hazardous  to  the  human  health.  Iron,  for  example,  is  probably 
harmless  to  ingest,  but  ill-advised  to  inhale.  Even  if  the  previous  limits  could  be  overcome,  the 
dusting  of  fine  powders  is  hardly  possible  to  address  without  an  entirely  new  powder  handling 
system. 

These  points  taken  in  consideration,  size  range  compositions  beyond  binary  are  unlikely  to 
become  of  practical  use.  The  highest  theoretical  density  that  thus  could  be  expected  to  come  of  use 
is  86%.  Still  considering  the  practical  difficulties,  any  density  in  a  stable  powder  mass  above  70% 
should  be  considered  an  achievement.  In  this  work,  the  highest  achieved  applied  powder  density  was 
68.60%. 


These  limits  of  applied  loose  powder  density,  makes  further  densification  a  necessity  to 
build  full  density  objects.  This,  in  turn,  will  have  a  limiting  effect  on  the  material  choice,  achievable 
green  strength,  and  also  influence  the  process  precision.  It  is  unlikely  that  these  issues  could  be  fully 
addressed  successfully  to  their  full  extent  without  designing  an  entirely  new  machine. 
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Part  1:  Analysis  of  Thin  Wall  Structures 
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Abstract 

Direct  Metal  Laser  Re-Melting  is  a  process  variant  of  Selective  Laser  Sintering,  whereby  31 6L 
stainless  steel  powder  fractions  are  melted  by  a  high  power  Nd:YAG  laser.  Layers  are  built  up  as 

a  series  of  single  lines  to  produce  thin  walled  structures  in  the  range  =0.3-1 .0mm  thick.  The 
structures  exhibit  a  periodic,  angular  roughness  to  the  wall  surfaces.  The  samples  also  display  a 
wave-like  pattern  on  their  upper  surfaces.  Further  investigations  reveal  the  angled  'wave’  pattern 
exists  on  a  macroscopic  level  in  the  microstructure.  The  pattern  is  fully  formed  by  the  third  or 
fourth  layer.  Fern-like  grain  structures  follow  the  orientation  of  the  surface  roughness  and  exist 
across  many  layers.  This  is  believed  to  be  the  effect  of  grain  orientation  within  the  samples.  The 
microstructure  reveals  long,  needle,  cell  structures.  The  uni-axial  needles  grow  epitaxially  from 
previous  layers.  The  samples  have  been  shown  to  exhibit  very  little  or  no  thermally  induced 
residual  stresses. 

Introduction 

Selective  Laser  Sintering  has  three  main  production  routes  for  the  processing  of  metallic 
components.  The  first  two.  Indirect  Metal  Sintering  and  Binary  Phase  Sintering  involve,  at  some 
stage  in  the  process,  the  use  of  alloy  materials  with  properties  poorer  than  that  of  the  high 
strength,  high  temperature  material  in  order  to  increase  density  or  to  improve  melting  and  wetting 
characteristics  (Tobin  1993;  Bunnell,  1994).  The  parts  produced,  however,  will  not  reproduce  the 
exact  materials  characteristics  of  a  similarly  machined  component. 

The  third  route  utilises  only  a  single  phase  powder  of  the  engineering  material  required  for  the 
fabricated  end  component.  In  this  process,  a  high  power  iaser  beam  directly  melts  and  fuses  the 
high  temperature  powder  particles.  There  are,  however,  very  significant  problems  associated  with 
direct  illumination  of  engineering  alloys  in  this  way.  Firstly,  large  thermal  gradients  exist  in  the 
layers  due  to  the  non -homogenous  heating  of  the  powder  by  the  laser.  This  causes  substantial 
thermal  stresses  to  be  generated  in  the  parts  (Deckard,  1995).  In  polymer  sintering  processes, 
increasing  bulk  powder  bed  temperature  reduces  these  thermal  gradients.  However,  due  to  the 
high  temperatures  involved  with  direct  iaser  sintering,  anchor  plates  have  been  used  to  overcome 


the  effect  of  thermal  stresses  in  the  laser-sintered  part,  and  can  be  incorporated  into  the 
geometry  of  the  final  component  (Meiners,  1998). 

Final  part  density  is  a  significant  barrier  to  the  success  of  single  phase  direct  laser  sintering.  The 
molten  volume  is  shaped  through  surface  energy  minimisation,  driven  by  surface  tension.  There 
is  also  a  possible  effect  of  free  convective  “Marangoni”  forces,  as  experienced  in  melt  pools 
during  laser  welding  (Lampa,  1997).  These  effects  act  to  shape  the  volume  into  strings  of 
connected  melt  beads,  which  are  inherently  difficult  to  tessellate  and  therefore  create  areas  of 
porosity.  Also,  surface  tension  forces  act  to  drag  surrounding  particles  into  the  melt,  causing  local 
depleted  areas  of  material  (Song,  1997).  Furthermore,  high  temperature  oxidation  of  the  material 
reduces  wetting  at  the  interface  between  layers  and  causes  a  greater  degree  of  balling.  These 
factors  must  be  overcome  for  the  successful  production  of  fully  dense,  engineering  alloy 
components  for  heavy  duty,  functional  use.  Research  at  the  University  of  Liverpool  is 
investigating  Direct  Metal  Laser  Remelting  (DMLR)  of  stainless  steel  with  Nd:YAG  laser  to 
achieve  this  goal. 

DMLR  Experimental  Arrangement 

The  DMLR  test  facility  consists  of  a  Rofin  Sinar  90W  flash  Q-Switched,  Flash  Lamp  Pumped 
Nd:YAG  Industrial  Laser  Marker  and  an  atmospheric  control  chamber  built  in-house  at  the 
University  of  Liverpool.  The  QSwitch  of  the  Laser  Marker  facilitates  pulsing  of  the  output  beam, 
with  Pulse  Repetition  Frequencies  (PRF)  in  the  range  0  -  60kHz,  where  OkHz  is  a  Continuous 
Wave  Output  (CW).  The  Nd:YAG  laser  is  preferred  over  CO2  output  beam,  due  to  the  improved 
coupling  with  the  1.064|am 
wavelength  compared  with 
10.64pm,  and  hence  greater 
absorption  with  metals 
(Tolochko,  2000);  This  reduces 
the  input  energy  requirement  and 
hence  induces  less  thermally 
distortive  effects.  The  integrated 
scanning  mirrors  enable  a 
maximum  scanning  speed  of  up 
to  SOOmms'^  over  an  80x80mm 
square  area.  Minimum  beam 
diameter  at  the  focal  length  is 
measured  as  approximately 
lOOpm. 


Figure  1:  Array  of  thin  wall  structures  produced  at  varying 
scan  speeds 
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The  Atmospheric  Control  Chamber  is  of  typical  SLS  process  chambers.  It  has  a  single  powder 
feed  cylinder  with  counter  rotating  roller  mechanism  for  powder  deposition  onto  the  build  platform. 
Layer  thickness  is  controlled  by  stepper  motors,  whose  minimum  linear  step  size  is  The 
process  is  controlled  by  in-house  software  for  full  automation  and  communication  between  the 
system  and  laser  marker.  The  system  is  enclosed  to  ^low  for  evacuation  of  ambient  environment 
and  re-fill  with  Nitrogen  process  gas.  No  heaters  are  used  before  or  during  the  process. 

The  material  under  investigation  is  Stainless  Steel  31 6L.  The  powder  is  gas  atomised  (spherical), 
specified  as  80%<22pm,  with  a  distribution  approximately  -<1nm  <^<  60pm.  It  has  the 
composition:  16.73Cr,  13.19Ni,  0.017C,  0.710Si,  2.69Mo,  1.6Mn,  Fe  balance  (%wt). 

Samples  were  ground  and  polished  to  1pm,  and  etched  with  standard  austenitic  (40%  HCI,  20% 
HNO3,  balance  40)  etch.  A  further  “coloured”  etch  was  employed  to  establish  variations  in 
composition  within  the  austenite  (4%  Ammonium  Hydrogen  Difluoride,  16%  Potassium 
Metabisulfite,  balance  40).  This  etchant  highlights  microstructures,  which  are  chromium  rich  in 
blue,  while  nickel  rich  regions  are  shown  in  brown. 


Experimental  Study 

Initial  experiments  were  undertaken  to  assess  the  effect  of  laser  and  scanning  variables  on  cold, 
loose  powder  beds  of  arbitrary  depth.  Detailed  results  can  be  seen  elsewhere  (Morgan,  2001).  A 
significant  effect  of  scanning  on  loose  powder  layers,  was  the  significantly  increased  beam 
absorption  during  the  first  scan  lines,  leading  to  increased  volume  of  the  coalesced  melt  beads, 
previously  recognised  as  First  Line  Scan  Balling  (Hauser,  1999).  The  increased  volume  of  these 
first  scan  lines  causes  problems  when  applying  further  powder  layers.  In  order  to  overcome  this 
effect,  multiple  layer  experiments  are  undertaken  on  3mm  substrate  plates  of  the  same  material. 


a)  Wall  produced  at  SOW,  b)  Wall  produced  at  SOW,  c)  Wall  produced  at  SOW, 

50mms'\  CW mode  70mms  \CWmode  100mms’\CWmode 


Figure  2:  Thin  Wall  Structures  Produced  at  Varying  Scan  Speeds 
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Ten  single  scan -line  walls,  of  length  15mm,  were  produced  per  plate.  The  layer  thickness  was  a 
constant  100pm.  A  hundred  layers  were  produced  during  each  experimental  run.  Due  to  the 
increased  conduction  effects  from  the  substrate,  power  was  kept  at  a  maximum  to  ensure 
sufficient  fusion  between  the  powder  layer  and  the  plate.  Average  power  was  measured  at  SOW. 
Scan  Speeds  were  varied  in  the  range  10-500mms'\  For  this  study,  the  samples  were  produced 
using  CW  mode  scanning.  The  beam  was  set  at  the  focal  position,  with  a  diameter  of  100pm. 

Results  and  Discussion 

Figure  1  shows  a  typical  plate  with  thin  wall  structures.  Each  wall  is  produced  with  a  different 
scan  speed,  incremented  by  10mms'\  Walls  produced  in  the  range  10-60mms'^  exhibit  full 
density,  with  a  diagonal  pattern  emerging  in  the  surface  as  shown  in  Figure  2a.  A  threshold  speed 
of  70mms'^  creates  a  step  in  the  diagonal  pattern  resulting  in  areas  of  porosity  within  the 
structures  (Figure  2b).  Above  90mms‘\  the  walls  become  a  series  of  weakly  connected  vertical 
branches;  the  thickness  of  each  branch  reducing  with  increasing  scan  speed  (Figure  2c).  At  scan 
speeds  above  140mms'\  there  is  insufficient  energy  imparted  to  the  powder  to  affect  bonding 
with  the  underlying  layer,  resulting  in  failure  of  the  build.  The  thickness  of  the  samples  varies  with 
scan  speed.  Increased  thickness  at  the  lower  scan  speeds  is  attributed  to  increased  energy 
incident  on  the  powder  layer,  resulting  in  radial  conduction  to  the  local  surrounding  powder, 
causing  an  increase  in  lateral  melt  volume  and  hence  thicker  walls.  Also,  there  is  a  tendency  for 
wall  thickness  to  increase  slightly  with  build  height.  This  is  due  to  the  decreasing  conduction 


Figure  3:  Formation  of  wave  pattern  in  thin  wall  structures 
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Figure  4:  Analysis  of  microstructure  with  colour  etch 


Macroscopic  analysis  of  the  polished  samples  reveals  the  pattern  on  a  macro-scale  within  the 
microstructure,  while  the  upper  surface  of  the  samples  exhibit  a  wave-like  form  (Figure  3a).  The 
wave  pattern  has  a  periodicity  of  approximately  1.5mm.  The  wave  structure  evolves  from  the 
second  or  third  layer;  by  the  fourth  layer  it  is  fully  established.  A  cross  sectional  view  of  the  first 
three  layers  shows  that  a  possible  cause  of  the  structure  is  due  to  the  melt  volume  falling  over  the 
side  of  the  wall  (Figure  3b). 


On  closer  examination  of  the  polished  samples,  fern-like  structures  exist  running  along  the 
diagonal  pattern.  These  structures  were  initially  thought  to  be  the  formation  of  nitrides.  However, 
thermodynamically,  this  is  not  likely,  as  it  is  doubtful  that  there  will  be  sufficient  energy,  in  the  time 
available,  to  disassociate  the  nitrogen  to  form  a  nitride.  Also,  replacing  the  Nitrogen  process  gas 
with  Argon  yielded  the  same  grain  structures.  Using  the  colouring  etch,  the  fern  structures  appear 
brown  surrounded  by  light  blue  regions,  suggesting  regions  of  nickel  rich  grains  (Figure  4a). 


However,  it  is  more  likely  that  the  ferns  are  due  to  grain  orientation  wthin  the  microstructure. 
Further  analysis  of  the  samples  with  the  colouring  etch  reveals  the  upper  surface  of  each  scan 
line  is  rich  in  nickel  compared  with  the  chromium  rich  bulk  material  of  each  layer  (Figure  4b).  This 


may  be  due  to  the  differences  in  freezing  temperatures  between  the  chrome  and  nickel  rich  grain. 
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a)  Micrograph  of  Cellular  Structure 
across  layers 


b)  Termination  of  cellular  structure  due  to 
insufficient  melting  of  the  previous  boundary 
substrate,  shown  in  circled  area,  causes  chill 
crystals  to  form  and  subsequent  new 
orientation  of  the  cellular  structure 


Figure  5:  Microstructure  of  Direct  Metal  Laser  Remelted  Thin  Wall  Structures 


High  magnification  microstructural  analysis  reveals,  long  needle  shaped  grains.  These  grains  are 
due  to  the  rapid  soiidification,  where  the  formation  of  dendrite  branching  is  restricted,  resulting  in 
a  cellular  structure  (Figure  5a).  Upon  the  passing  of  the  beam,  the  underlying  substrate  (previous 
layer)  is  re-melted,  causing  the  cellular  structure  to  exhibit  uni-axial,  epitaxial  growth.  The 
columnar  growth  will  continue  throughout  subsequent  layers  unless  terminated  by  insufficient 
melting  of  the  boundary  substrate  (previous  layer)  as  marked  in  Figure  5b. 


Conclusions 

The  Direct  Laser  Re-Melting  process  has  shown  to  produce  full  density  thin  walls  (<1mm)  at  scan 
speeds  <  70mms'\  The  thin  walls  exhibit  a  wave-like  pattern  visible  in  the  microstructure.  This 
pattern  is  believed  to  be  due  to  melt  dynamics.  Within  the  wave  pattern,  there  appears  a  fern-like 
grain  structure.  This  is  believed  to  be  due  to  grain  orientation.  The  microstructure  has  shown  full 
melting  of  the  powder  layers  with  no  occurrence  of  unmelted  particles.  Grains  exist  along  many 
layers,  confirming  melt  metallurgic  bonding  between  layers.  Surprisingly,  there  appear  to  be  no 
residual  stresses  in  the  walls.  Scanning  Transmission  Electron  Microscopy  analysis  is  currently 
being  undertaken  to  further  assess  the  material  structure. 
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Abstract 

The  paper  reports  the  production  of  cubic  primitives  by  Direct  Metal  Laser  Re-Melting  (DMLR)  a 
process  variant  of  Selective  Laser  Sintering.  Stainless  steel  powder  fractions  are  melted  and 
fused  by  a  high  power  Nd:YAG  laser  in  a  room  temperature,  inert  environment.  Research  in 
DMLR  has  paid  particular  attention  to  the  Q-switch  pulsed  laser  interaction  with  the  powder  bed. 
High  peak  powers  (as  a  result  of  controlling  Q-switch  pulse  repetition  frequencies)  cause 
vaporisation  and  re-distribution  of  the  melt  through  recoil  forces  acting  towards  the  powder  layer. 
Through  a  variety  of  density  measurements,  cubes  have  exhibited  densities  between  30%  and 
89%.  Results  show  that  in  certain  lasing  regimes,  Q-switch  pulsing  within  a  certain  frequency 
range  can  yield  increased  densities  compared  with  Continuous  Wave  (CW)  produced  samples. 
The  results  also  show,  in  terms  of  the  Andrew  Number,  the  effect  of  scan  speed  and  scan 
spacing  on  part  densities.  Optical  analysis  of  porosity  has  exposed  angular,  periodic  porosity  in 
the  plane  normal  to  the  scan  direction  and  random  porosity  along  the  scan  direction.  Causes  of 
this  and  methods  of  its  removal  are  discussed.  Scan  strategies  have  been  developed  to  produce 
densities  in  excess  of  99%. 


Introduction 

Research  in  Rapid  Prototyping  (RP)  technologies  is  moving  towards  the  development  of 
processes  that  will  enable  tool-less  Rapid  Manufacturing.  A  significant  drawback  to  the  success 
of  these  processes  gaining  popularity  in  a  mass-manufacturing  environment,  is  the  lack  of 
adequate  materials  characteristics  of  components  compared  with  traditional  manufacturing 
processes  (i.e.  machining  operations,  injection  molding  etc).  Particularly,  in  the  case  of  Selective 
Laser  Sintering  of  metal  parts,  the  density  and  hence  mechanical  characteristics  of  components 
produced  by  the  process,  is  in  question.  Current  commercial  systems  require  the  use  of 
mechanically  inferior  alloys  with  low  melt  temperatures  to  effect  densification  by  improved  wetting 
during  the  process,  or  infiltration  following  the  process.  Thus  the  components  produced  will  never 
achieve  the  same  mechanical  or  material  characteristic  as  those  produced  conventionally. 

A  number  of  research  institutions  and  companies  alike,  have  been  investigating  the  possibility  of 
direct  laser  fusion  of  single  component  powders  with  a  view  to  achieving  full  density,  high 
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Figure  1:  Interaction  of  Pulsed  Laser  with  Powder  Bed 


mechanical  strength  parts  for  heavy  duty  industrial  use,  without  the  requirement  of  binders  or 
infiltrants.  There  exist  significant  problems  with  such  systems,  particularly  with  melt  dynamics  and 
high  temperature  oxidation  (Meiners  1997;  Hauser,  1999).  The  existence  of  large  thermal 
gradients  inherent  in  laser  sintering  processes  has  been  previously  reported  (Deckard  1995). 
These  reduce  the  wetting  characteristics  of  the  melt  and  also  lead  to  thermal  stresses  in  the 
solidified  layers,  causing  curl  and  deformation.  Further  effects  of  Marangoni  convective  flow 
within  the  melt  volume  cause  cylindrical  shaping  of  the  melt  bead  (Pericleous,  1995;  Lampa 
1997)  resulting  in  areas  of  porosity  between  scan  lines.  High  temperature  oxidation  of  the  re¬ 
solidified  powder  layer  also  reduces  wetting  and  can  prevent  bonding  between  layers  (Carter, 
1993).  A  fundamental  problem  arises  with  density  of  components  in  pre-placed  powder  processes 
such  as  these  due  to  the  inherent  low  density  of  the  powder  bed. 

It  has  been  argued  that,  as  interaction  times  are  several  orders  of  magnitude  shorter  in  SLS  than 
in  conventional  sintering  processes,  rearrangement  of  particles  in  liquid  phase  sintering  is 
essentially  the  only  operative  densification  mechanism  (Karapatis  1999).  However,  this  assumes 
a  partial  melting  of  the  powder  layer.  In  order  to  achieve  the  mechanical  characteristics  of 
conventionally  manufactured  components,  full  melting  of  the  powder  layers  must  be  achieved. 

This  paper  reports  on  research  in  Direct  Metal  Laser  Remelting  (DMLR),  utilising  high  power 
Nd:YAG  laser  to  achieve  full  density  components.  The  research  has  investigated,  in  particular, 
the  effects  of  pulsed  laser  Interaction  with  the  powder  bed. 
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Pulsed  Laser  Interactions 

Pulsed  lasers  have  been  used  in  a  variety  of  process  to  utiiise  the  non-thermal  photodisruption 
effects  of  the  iaser/materiai  interaction  (Asmus.  1986).  Q  Switching  (rapid  shuttering  of  the  iaser 
cavity)  enables  low  energy  pulses  to  be  emitted  over  nanosecond  timescales.  With  small  beam 
diameters,  this  generates  Peak  Power  Densities  in  excess  of  2GWcm'^  (Sano,  2000).  The 
material  quickly  melts  and  evaporates.  The  fast  expanding  vapour  ejected  from  the  surface 
produces  a  shock  wave,  which  propagates  radially  from  the  interaction  area.  This  causes  a  recoil 
force  to  impinge  on  the  liquid  substrate  as  shown  in  Figure  1.  This  has  been  shown,  in  laser 
welding,  to  overcome  Marangoni  forces  acting  on  the  melt  volume  (Ohmura,  1997).  These  effects 
have  been  investigated  in  DMLR  with  a  view  to  overcoming  the  forces  acting  on  the  melt,  to  form 
a  flatter,  wider  profile  of  the  melt  bead  so  as  to  increase  final  part  density. 


Experimental  Arrangement 

The  experimental  test  facility  consists  of  a  Rofin  Sinar  90W,  Q-Switched,  flash  lamp  pumped, 
Nd:YAG  Industrial  Laser  Marker.  Pulse  Repetition  Frequencies  (PRF)  are  in  the  range  0  -  60kHz, 
where  OkHz  is  Continuous  Wave  (CW)  mode.  Pulse  energies  and  pulse  widths  are  in  the  range  1- 
30mJ  and  80-200ns  respectively.  Maximum  output  power  is  measured  at  80W  with  a  minimum 
beam  diameter  of  lOOpm.  Scanning  is  accomplished  by  an  integrated  galvo-scanner  head  over 
an  80mm^  area,  where  scan  speeds  up  to  SOOmms'^  can  be  achieved. 

The  build  chamber  has  been  constructed  in-house;  it  is  typical  of  SLS  build  chambers.  The 
chamber  has  a  single  powder  feed  cylinder.  Platform  control  is  by  way  of  linear  stepping 
actuators,  controlled  by  pc  based  microstep  controller,  to  enable  1pm  linear  step  size.  A  counter¬ 
rotating  roller  is  used  to  deposit  powder  over  the  build  area.  The  whole  system  is  enclosed  in  an 
atmospheric  control  chamber  to  enable  evacuation  of  atmosphere  and  refill  with  inert  process 
gas.  The  system  is  controlled  by  in-house  software,  which  provides  full  communication  and 
automation  between  laser  and  process  chamber. 

Gas  atomised,  austenitic  stainless  steel  31 6L  was  used  during  the  study.  The  powder  is  generally 
spherical  in  form  and  has  a  wide  distribution.  Particle  diameters  are  in  the  range  <1-56pm  with 
80%  <22|xm.  The  elemental  composition  of  the  alloy  powder  is:  16.73Cr,  13.19Ni,  0.017C,  0.71Si, 
2.69MO,  1.69Mn,  Fe  bal.  The  powder  bed  was  measured  for  density  by  fabricating  a  hollow  box 
on  a  stainless  steel  plate  using  the  DMLR  process.  The  insides  of  the  box  being  filled  with  the 
unmelted  loose  powder  delivered  to  the  build  area.  This  gave  a  realistic  assessment  of  the 
density  as  the  powder  was  deposited  into  the  box  (layer  by  layer)  in  exactly  the  same  way  as  the 
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Laser  /  Scanning  Parameter 

Values 

Average  Power,  P  (W) 

80W  Constant 

Pulse  Repetition  Frequency,  f  (kHz) 

10,  20,  30,  40,50,60 

Scan  Speed,  v  (mms‘^) 

50,  100,  200,300,400,  500 

Scan  Spacing,  s  (%) 

25,  50,  75,  90.  100,  110,  125 

Table  1:  Laser!  Scanning  Parameter  Ranges 


powder  was  deposited  for  the  cube  fabrication  during  for  the  experiments.  Three  measurements 
of  powder  bed  density  were  taken  with  the  average  density  being  recorded  as  48%  of  full  density. 

Experimental  Procedure 

Cube  Fabrication 

Preliminary  studies  on  loose  powder  beds  revealed  an  increase  in  volume  of  the  melt  tracks 
during  the  scanning  of  the  first  line  compared  with  the  rest  of  the  layer,  which  produces  First  Line 
Scan  Balling  (Hauser  1999,  Morgan  2001).  To  overcome  this  effect,  all  cubes  were  built  on  a 
substrate  plate  of  31 6L  stainless  steel. 


Cubes  were  fabricated  at  a  variety  of  scan  speeds,  scan  spacings  (the  distance  between  two 
adjacent  scan  lines)  and  PRF.  Due  to  conduction  effects  of  the  substrate,  maximum  power  was 
maintained  throughout  the  builds.  The  build  platform  was  adjusted  such  that  the  beam  remained 
at  the  focal  position  with  a  diameter  of  100pm.  A  Nitrogen  shroud  gas  was  used  during  the 
process.  Nitrogen  gas  has  shown  to  reduce  porosity  in  stainless  steel  in  laser  welding  processes 
(Katayama,  2000).  A  series  of  seven  cubes  were  produced  during  each  build.  Pulse  frequency 
was  varied  for  each  cube,  while  the  scan  speed  and  scan  spacing  remained  constant  for  each 
experiment.  The  cubes  are  produced  with  a  simple  bi-directional  raster  scan  strategy  with  scan 
spacing  dictating  the  distance  between  consecutive  scans. 


Density  Measurements 

Cube  densities  were  measured  by  two  methods.  The  first  was  a  simple  mass/volume 
measurement.  Mitutoyo  digital  callipers  (500-171)  were  used  to  measure  five  points  for  x,y,z 
measurements,  while  mass  was  measured  by  digital  balance  (Oertling  RB300,  to  4  decimal 
places).  The  second  method  of  density  analysis  was  by  Xylene  impregnation  technique  (Arthur 
1954).  The  cubes  are  immersed  in  xylene  and  placed  under  vacuum.  The  xylene  is  impregnated 
into  interconnected  pores  during  this  process.  Following  the  evacuation,  the  samples  are  weighed 


in  air  and  water.  The  xylene,  being  non-miscible  in  water,  does  not  allow  it  to  penetrate  into  the 
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open  pores.  The  respective  densities  of  xylene  and  steel  are  known,  and  therefore,  the  difference 
in  weighting  using  given  formulae  enable  open,  closed  and  total  porosity  to  be  calculated. 

Samples  were  prepared  for  optical  examination  by  typical  metallographic  techniques.  A  simple 
histogram  technique  was  used  on  b/w  images  for  optical  analysis  of  density  (for  cross-reference 
purposes),  however  optical  analysis  was  mainly  concerned  with  pore  shape  and  size. 

Results  and  Discussion 

Density  Measurements 

Figure  2  shows  a  typical  set  of  density  measurements  of  cubes  produced  at  SOW  and  with  75p.m 
Scan  Spacing,  measured  by  mass/volume  and  xylene  impregnation  techniques.  The  two  sets  of 
have  good  correlation,  with  the  xylene  technique  providing  slightly  higher  values.  Measurements 
in  the  MassA/olume  technique  accounts  for  the  inaccuracies  as  the  cubes  were  not  square. 

The  graphs  show  the  effect  of  pulse  frequency  on  the  resulting  density  of  the  samples.  CW  mode 
and  high  PRF  lasing  regimes  produce  the  highest  densities  at  89%.  There  is  a  significant 
reduction  of  the  resulting  part  density  at  10-20kHz  pulse  frequency.  This  is  due  to  the  detrimental 
effects  of  the  high  peak  powers  as  the  beam  impacts  the  powder  bed;  the  plasma  formed  during 
the  illumination  of  the  bed  and  its  resuiting  shock  wave  visibiy  blasts  powder  from  the  interaction 
site.  The  density  of  samples  produced  at  the  higher  speeds  (400-500mms‘^)  are  actuaiiy  less  than 
the  loose  powder  bed  density.  Cube  density  continues  to  increase  throughout  the  30-40kHz 


Figure  2:  Density  Measurements  of  DMLR  Cubes  produced  at  SOW  Average  Power  and  75pm  Scan 


Spacing  by  Mass/Volume  and  Xyiene  impregnation  Techniques 
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range,  and  at  high  pulse  frequencies  (>50kHz)  the  resulting  densities  are  very  similar  to  those 
produced  during  the  CW  lasing  regime. 


i 

V 

o 


CW  Mode 

10kHz  Pulse  Frequency 
SOkHz  Pulse  Frequency 
40kHz  Pulse  Frequency 
60kHz  Pulse  Frequency 

8  10  12 
o 

Energy  Density  (Jmm  ) 

Figure  3:  DMLR  Cube  Density  as  a  function  of  Andrew  Number  (Energy 
Density) 

A  clearer  view  of  the  effect  of  scan  speed  and  scan  spacing  is  achieved  when  representing  the 
results  in  terms  of  the  Andrew  number  (Jmm'^);  a  measure  of  the  total  incident  energy  density  of 
a  layer  scan:  An  =  P  /vd,  where:  P,  Power  (W),  v  Scan  Speed  (mms'^),  d  Scan  Spacing  (mm). 
Figure  3  shows  density  as  a  function  of  Andrew  Number  for  varying  pulse  frequencies.  At  high 
scan  speeds  and  large  scan  spacing  (i.e.  low  Andrew  Number),  the  results  show  an  increase  in 
part  density  for  pulse  frequencies  in  the  range  30-40kHz,  compared  with  CW  and  60kHz  PRF.  As 
energy  to  the  powder  layers  is  increased  (by  reduction  in  speed),  the  overall  densities  of  the 
cubes  increase.  The  CW  and  60kHz  PRF  cubes  now  exhibit  the  greatest  density.  Any  further 
increase  in  energy  density  beyond  10Jmm'^  does  not  yield  increased  cube  density.  Reductions  in 
scan  speed  to  50mms'^  for  a  scan  spacing  of  25|im  resulted  in  excessive  heat  input  to  the  build 
layers  causing  deformation  of  the  layers  and  failure  of  the  build. 

Figure  4  shows  the  effect  of  scan  spacing  on  part  density.  The  results  show  that;  at  high  scan 
speeds,  the  part  density  decreases  with  increasing  scan  spacing.  However,  at  low  scan  speeds, 
this  effect  is  reduced  and,  at  100mms  \  the  resulting  part  density  increases  with  scan  spacing. 
Additional  cubes  were  produced  with  further  reduction  in  scan  spacing,  to  the  point  where  there 
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was  negative  overlap  between  consecutive  scan  lines.  At  110pm  Scan  Spacing,  the  density  is  at 
a  maximum  92%  at  110pm  and  decreases  at  120pm  scan  spacing,  or -20%  scan  overlap. 
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Figure  4:  DMLR  Cube  Density  as  a  Function  of  Scan  Spacing(Beam 


Diameter  100/jm) 


Optical  Analysis 

Optical  analysis  of  the  samples  supports,  qualitatively,  the  findings  of  the  density  measurements. 
Figures  5  and  6  show  cross  sections  of  samples  produced  at  the  varying  laser  parameters.  The 
images  show  cross  sections  in  two  planes:  normal  to  the  laser  scan  direction  and  in  line  with  the 
scan  direction.  Figure  5a-c  shows  the  cubes  produced  in  CW  mode.  The  in-plane  sections  show 
diagonal  porosity  occurring  across  many  layers,  while  the  sections  normal  to  the  scan  direction 
exhibit  random  porosity.  The  extent  of  porosity  increases  with  decreasing  scan  spacing  and 
increasing  scan  speed.  The  cube  produced  at  500mms‘^  reveals  a  flash  melting  of  the  powder 
bed.  The  diagonal  porous  structure  is  still  visible.  The  phenomenon  of  angular  porosity  also 
occurs  in  the  pulsed  samples.  Figure  6a-c  shows  sections  of  cubes  produced  at  a  variety  of  pulse 
frequencies  and  scanning  parameters.  The  60kHz  pulsed  sample  displays  the  angular  voids  very 
prominently  in  the  plane  of  scan  direction.  The  areas  of  material  exhibit  smooth  undersides,  while 
their  upper  surfaces  appear  circular  or  spherical.  The  30kHz  sample  produced  at  500mms'^ 
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Section  Normal  to  Section  in  Plane  of  Section  Normal  to  Section  in  Plane  of 

Scan  Direction  Scan  Direction  Scan  Direction  Scan  Direction 


Section  Normal  to  Section  In  Plane  of 
Scan  Direction  Scan  Direction 


Figure  5:  a)  SOW,  CW,  100mms  \  75iim  Scan  Spacing 

b)  SOW,  CW,  100mms  \  50pm  Scan  Spacing 

c)  SOW,  CW,  500mms\  75pm  Scan  Spacing 


demonstrates,  like  the  CW  sample,  the  effect  of  flash  melting.  However,  the  extent  of  porosity  is 
certainly  less.  Figure  6c  shows  the  cube  produced  at  10kHz  pulse  frequency.  The  sections  show 
large,  flat  areas  of  melt  in  each  iayer,  but  very  littie  inter-iayer  bonding.  This  occurs  in  both 
sections  of  the  sampie. 

The  cause  of  anguiar  porosity  is  attributed  to  a  diagonal  wave  pattern  (as  a  result  of  melt 
dynamics)  visible  on  single  scan-line  thin  wall  structures  as  discussed  in  part  1  of  this  paper 
(Morgan,  2001).  The  pattern  produces  a  roughness  to  the  wall.  When  two  adjacent  walls  are 
produced,  the  periodic  roughness  of  the  adjoining  scan  lines  causes  porosity  corresponding  to 
the  angular  pattern. 
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Section  Normal  to  Section  in  Plane  of  Section  Normal  to  Section  in  Plane  of 

Scan  Direction  Scan  Direction  Scan  Direction  Scan  Direction 


Section  Normal  to  Section  in  Plane  of 
Scan  Direction  Scan  Direction 


Figure  6:  a)  SOW,  60kHz  Pulsed,  100mms\  50nm  Scan  Spacing 

b)  SOW,  30kHz  Pulsed,  500mms\75pm  Scan  Spacing 

c)  SOW,  10kHz  Pulsed,  100mms\  75pm  Scan  Spacing 

Scan  Strategies 

Scan  strategies  were  developed  to  remove  the  angular  structure  from  the  walls,  in  an  effort  to 
increase  part  density.  From  the  previous  results  for  optimum  density,  laser  power  and  scan 
speeds  were  set  at  SOW  and  lOOmms’^  respectively.  The  laser  was  run  in  CW  mode.  The  scan 
strategy  involved  the  creation  of  a  bi-directional  rasterscan  tracks*' whose  widths  were  less  than 
that  of  the  periodicity  of  the  wave  formation;  a  0.75mm  scan  length  was  chosen.  The  scan 
spacing  between  successive  scan  lines  in  a  track  was  varied  and  optimised  at  11^m  for  a 
lOOpm  beam  diameter,  thus  creating  a  negative  (-ve)  15%  overlap  (Figure  7a). 

Trials  were  undertaken  to  devise  optimum  quilting  strategies.  It  was  found  that  regardless  of 
overlap  between  adjacent  rasterscan  tracks,  porosity  remained  in  the  solidified  layers  due  to  the 
inherent  lack  of  powder  in  the  low-density  bed.  The  strategy  was  modified  such  a  powder  refill 
cycle  was  introduced  between  the  scanning  of  alternate  odd/even  tracks,  as  illustrated  in  figure  7. 


Figure  7;  Scan  Strategy  for  Production  of  >99%  Dense  DMLR  Cube 

a)  Two  consecutive  Scan  Lines, 

b)  Construction  of  a  Single  Layer 

c)  Multiple  Layers  inc.  Cleaning  Process  Steps 

The  powder  refill  cycle  increased  density,  measured  by  optical  analysis,  to  98%.  However,  inter¬ 
connected  porosity  remained  across  several  layers.  The  cause  of  the  voiding  was  attributed  to 
gas  entrapment  upon  deposition  of  new  layers  on  rough  laser  re-melted  surfaces.  The  strategy 
was  further  developed  to  scan  each  layer  normal  to  the  preceding  layer  to  avoid  interconnected 
porosity  (Figure  7c).  An  additional  cleaning  step  was  introduced  to  scan  over  the  re-solidified 
surface  to  reduce  surface  roughness.  Minimal  re-melting  takes  place  due  to  the  reduced 
absorption  coefficient  of  the  highly  reflecting  surface. 


Though  the  addition  of  powder  refill  and  surface  clean  incur  time  penalties,  density 
measurements  by  Xylene  Impregnation  technique  show  an  increase  to  99.65%  of  full  density. 
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With  the  new  scan  strategies,  pulsed  mode  is  being  investigated,  and  further  developments  to  the 
scan  strategy  are  currently  being  undertaken  to  reduce  the  build  time.  Figure  8  shows  a  polished 
cube  produced  by  the  DMLR  technique. 


Figure  8:  Stainless  Steei  31 6L  Cube  Produced  by  DMLR 
(Density  >99%) 


Conclusions 

The  work  has  shown  the  development  of  the  DMLR  process  as  a  one-step  route  for  the 
production  of  high-density  stainless  steel  components.  Pulsed  interactions  with  the  material  have 
shown  to  vary  the  density  of  cubes  produced.  Pulsed  interactions  with  the  powder  layer  have 
shown  to  be  beneficial  for  certain  parameters,  though  CW  mode  scanning  has  produced  the 
greatest  density.  Certain  pulse  repetition  rates  are  detrimental  as  shock  waves  blast  the  powder 
from  the  bed.  There  is  a  strong  possibility  that  pulsed  scanning  may  enable  graduated  porosity  in 
the  construction  of  objects,  this  is  being  investigated.  Optical  analysis  of  cross  sections  of  the 
cubes  revealed  periodic  diagonal  porosity  throughout  the  samples.  This  is  attributed  to  melt 
dynamics  and  observed  on  thin  wall  structures.  To  remove  the  porosity,  scan  strategies  were 
developed,  resulting  in  part  densities  in  excess  of  99%. 
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Abstract 


A  study  of  functional  testing  with  SFF  parts  is  presented.  The  study  includes  the  use  of 
traditional  similitude  methods  as  well  as  advanced  similitude  methods  for  predicting  product 
performance  through  prototype  testing.  Cantilever  beams  created  from  the  selective  laser 
sintering  process  are  used  to  predict  the  static  deflection  of  both  aluminum  and  polycarbonate 
beams.  The  results  of  20  experiments  using  various  geometric,  loading,  and  material 
configurations  are  presented.  Results  of  the  study  suggest  that  a  coupling  between  geometry  and 
material  properties  exists  in  SLS  parts.  Possible  sources  for  the  coupling  are  discussed.  An 
approach  for  establishing  the  functional  relationship  between  material  and  geometry  is  outlined. 


1.  Introduction 

Advances  in  virtual  prototyping  techniques,  including  numerical  modeling  and  simulation 
tools,  have  increased  the  engineer’s  ability  to  quickly  analyze  a  product’s  performance  early  in 
the  design  cycle.  Improved  simulation  tools  have  been  key  in  reducing  cycle  times  and 
improving  product  quality.  Virtual  prototypes  can  often  be  used  in  place  of  physical  prototypes 
in  certain  stages  of  the  design  process,  thus  saving  tremendous  time  and  cost  during  product 
development. 

Despite  advances  in  virtual  prototyping  techniques,  however,  the  range  of  physical 
phenomena  that  can  be  accurately  modeled  and  simulated  numerically  is  still  limited.  For 
example,  the  steady-state  temperature  of  a  thermal  system,  composed  of  heat  sinks  and  cooling 
fans,  is  often  difficult  to  predict  using  virtual  methods  only  (Nadwomy,  1995;  Fisher,  1997). 
Such  limitations  in  virtual  modeling  require  that  physical  models  be  used  to  refine  and  validate 
numerical  models.  Physical  models  are  also  important  in  capturing  unique  physical  behaviors  or 
anomalies  that  are  not  accounted  for  in  virtual  models.  Virtual  prototyping  techniques,  while 
maturing  rapidly,  have  still  not  advanced  to  the  point  of  replacing  physical  prototypes  entirely.  In 
this  light,  the  research  presented  in  this  paper  is  centered  on  experimental  methods  that  are 
intended  to  be  used  as  a  compliment  to,  rather  than  as  a  substitute  for,  virtual  prototyping 
techniques. 

A  serious  drawback  to  functional  testing  with  physical  prototypes  is  the  extensive  time  and 
cost  involved  in  building  and  testing  the  physical  part.  The  fabrication  effort  for  physical  parts 
can  be  reduced  dramatically  through  solid  freeform  fabrication  (SFF)  techniques.  While  the  “fit” 
and  “form”  of  a  product  can  be  accurately  evaluated  with  SFF  parts,  the  amount  of  functional 
information  that  can  be  obtained  is  still  limited.  The  limited  functional  information  available 
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from  SFF  parts  is  due  primarily  to  the 
limited  number  of  materials  that  can 
be  used  in  SFF  processes. 

Figure  1  shows  a  conceptual 
representation  of  the  current 
capabilities  of  SFF  in  evaluating 
products  along  three  primary  axes:  Fit, 

Form,  and  Funetion.  The  goal  of  the 
researeh  presented  in  this  paper  is  to 
increase  the  functional  information 
that  can  be  obtained  from  SFF  parts. 

By  increasing  the  functional 
information  available  from  SFF  parts, 
physical  prototypes  can  be  constructed 
with  SFF  techniques  and  tested  in  a 
fraction  of  the  time  that  is  required  for 
traditional  approaches. 

Products  that  contain  complex  geometry  are 
especially  suited  for  this  approach  to  functional 
testing  because  of  the  extensive  fabrication  effort  that 
is  required  from  traditional  prototyping  techniques, 
such  as  NC  machining.  The  advantage  of  SFF 
techniques  over  traditional  methods  increases  as  part 
geometry  becomes  more  complex,  as  illustrated  in 
Figure  2. 

Two  main  approaches  exist  for  obtaining  better 
functional  information  from  SFF  parts: 

1 .  Improve  the  base  materials  and/or  processes 
in  order  to  obtain  the  same  properties  as 
those  of  the  part. 

2.  Correlate  properties  of  existing  materials  to  those  of  the  part  in  order  to  predict  product 
behavior. 

Significant  research  has  been  dedicated  to  both  of  the  approaches  mentioned  above.  The  first 
approach  deals  with  improving  and  expanding  SFF  systems,  while  the  second  approach  seeks  to 
utilize  what  is  already  in  place.  The  second  approach  is  more  flexible  in  its  ability  to  predict 
behavior  for  a  wide  range  of  parts  with  different  materials,  and  is  the  approach  taken  for  the 
research  presented  in  this  paper. 

II.  Background 

Correlating  the  behavior  of  two  systems  can  be  accomplished  by  using  either  dimensional 
information  from  the  systems  or  by  using  empirical  data,  as  described  in  the  following  sections. 


Figure  2.  Geometric  Complexity  vs.  Cost 


Goal:  Increase  the 
functional  information 
that  can  be  obtained 
with  SFF  parts 


Figure  from  Sequin,  2001 


Figure  1.  Current  capabilities  of  SFF  in  evaluating  products 
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2.1  Traditional  Similarity  Method,  TSM 


The  traditional  similarity  method  (TSM),  also  known  as  dimensional  analysis,  is  based  on 
the  Buckingham  Pi  theorem.  The  Pi  theorem  (Bridgman,  1931)  states  that  a  complete  equation 
written  in  terms  of  dimensional  system  parameters  dj,j  =  1,  n,  can  be  recast  in  terms  of 
dimensionless  parameters  tt,-,  i  =  1, N,  where  A^<  n.  In  equation  form, 

g{di,d2,—,dn)  —  0  y^(^],^2v"»^Ar)  ~  0  (1) 

Two  systems  that  are  governed  by  the  same  set  of  dimensional  parameters  can  be  correlated  by 
considering  corresponding  sets  of  dimensionless  parameters.  For  two  systems  (a  product,  p,  and 
a  model,  m)  the  dimensionless  parameters  can  be  represented  as 

f  p,\>^ P,n)  ~  ^ 

or,  in  terms  of  a  particular  parameters  of  interest,  say  Z,  as 

^p,X  -  fi^p,\’^p,2>—’^p,N-\) 

^m,X  ~  f(^m,l>^m,2’—>^m,N-i) 


(2) 


(3) 


For  these  two  corresponding  systems,  the  TSM  states  that  =  ^m,x  if  ^p,i  -  ^m,i  f^^  *  ” 

1,  2,  ....  N-1.  (Many  references  exist  which  show  systematic  derivations  of  dimensionless 
parameters  from  sets  of  dimensional  parameters.  See  for  example  Barr,  1979  or  Langhaar,  1951.) 

As  a  simple  example,  consider  the  cantilever  beam  shown  in  Figure  3.  Suppose  we  are 
interested  in  the  deflection  of  the  beam  under  a  static  load.  A  relationship  among  dimensional 
parameters  can  be  written  as 

S  =  g(E,t,w,L,F)  (4) 

where  6  =  static  beam  deflection 
E  =  Young’s  modulus 
F  =  applied  load 

t,  w,  L  =  beam  dimensions,  as  shown  in  Figure  3 
Equation  (4)  can  be  recast  in  dimensionless  form  as 

S 


t  t^E 


) 


(5) 


Note  that  this  set  of  dimensionless  parameters  is  not 
necessarily  unique,  but  is  just  one  of  several  possible  sets. 

A  model  beam  (m)  that  is  similar  to  the  product  beam  (p)  (i.e.  is  governed  by  the  same  set 
of  dimensional  parameters)  can  now  be  used  to  predict  the  deflection  of  the  product  beam  as 


(6) 


if 
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(7) 


^  =  and 


t. 


t.. 


t  t  ^E 

‘p  ^p  ‘»i  ^m 


Equation  (6)  is  known  as  the  TSM  prediction  equation,  and  Equation  (7)  is  known  as  the 
similarity  constraints.  The  model  beam  must  be  constructed  so  that  all  of  the  similarity 
constraints  are  satisfied  in  order  for  the  prediction  equation  to  be  valid.  Note  that  scale  factors 
derived  from  the  similarity  constraints  are  assumed  to  be  constant  over  the  range  of  interest.  For 


example,  the  scale  factor  for  the  applied  force  on  the  model  ( = 


t  ^  E 

_  — iji  p  ^  assumes  constant 

tp 


ratios  for  beam  thickness  and  for  Young’s  modulus.  If  these  ratios  are  not  constant,  the  system  is 
said  to  be  distorted.  A  model  beam  that  does  not  have  a  constant  value  for  Young’s  modulus,  for 
example,  will  cause  the  system  to  become  distorted.  The  behavior  of  a  distorted  system  cannot 
be  predicted  accurately  with  the  TSM. 


2.2.  Empirical  Similarity  Method,  ESM 

The  empirical  similarity  method,  ESM,  provides  a  means  of  correlating  distorted  systems. 
The  fundamental  concept  of  the  ESM  is  shown  in  Figure  4.  Unlike  the  traditional  method,  which 
relies  solely  on  dimensional  information  to  correlate  systems,  the  ESM  utilizes  a  simplified 
specimen  pair  to  construct  an  empirical  correlation  between  systems.  The  model  specimen  (ms) 
is  a  geometrically  simplified  version  of  the  model,  while  the  product  specimen  {ps)  is  a 
geometrically  simplified  version  of  the  product.  The  ESM  uses  measured  values  from  the  model 
specimen,  the  product  specimen,  and  the  model  to  predict  the  behavior  of  the  product.  In  other 
words,  Xp  =  f(Xm,  Xms,  Xps).  The  ESM  assumes  that: 

1 .  The  model  and  the  model  specimen  can  be  tested  to  determine  the  state  variation  caused 
by  pure  geometric  changes  (G). 

2.  The  model  specimen  and  the  product  specimen  can  be  tested  to  determine  the  state 
variation  caused  by  pure  non-geometric  (material  and  loads)  changes  (M). 

The  state  of  the  product  can  be  predicted 
by  multiplying  the  state  of  the  model  by  M 
or  by  multiplying  the  state  of  the  product 
specimen  by  G,  as  shown  in  Figure  4.  A 
basic  assumption  of  the  ESM  is  that  M  and 
G  are  independent. 

The  transformation  matrices  G  and 
M  can  be  determined  with  either  a 
circulant  matrix  approach  or  with  a 
pseudoinverse  approach  (since  one  cannot 
take  the  inverse  of  a  vector  directly).  The 
pseudoinverse  approach  for  determining 

M  and  G  can  be  summarized  as  follows:  Figure  4.  Empirical  Similarity  Method. 
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(8) 


where  x^*  =  )“*  xj 


The  advantage  of  the  ESM  approach  over  the  TSM  is  that  system  distortions  due  to 
material  properties  are  captured  in  the  material  transformation  matrix  (M)  and  system  distortions 
due  to  geometry  are  captured  in  the  geometry  transformation  matrix  (G).  This  procedure  is 
contrasted  with  the  TSM  which  relies  solely  on  dimensional  information  to  correlate  systems, 
with  no  means  of  compensating  for  system  distortion. 

The  position  of  the  ESM  in  functional 
testing  of  products  is  between  the  TSM  and 
Direct  Product  Tests,  as  shown  in  Figure  5.  The 
ESM  is  presented  as  a  more  accurate  approach, 
in  general,  than  the  TSM.  The  ESM  is  also 
presented  as  a  better  approach  for  correlating 
systems  with  complex  geometry  whose 
governing  parameters  may  not  be  well  known, 
as  required  by  the  TSM.  Continuing  areas  of 
research  include  identifying  the  boundaries  of 
the  ESM  as  well  as  expanding  the  boundaries  of 
the  ESM  to  replace  direct  product  testing. 


The  ESM  approach  was  validated  with  a 
simple  cantilever  beam  example  taken  from 
(Cho,  1997).  The  beams  used  in  the  experiment  are  shown  in  Figure  6.  The  product  is  an 
aluminum  beam  with  holes.  The  model  is  a  scaled  polycarbonate  beam  with  holes.  The  model 
specimen  and  product  specimen  are  straight  beams  with  no  holes,  with  dimensions  and  materials 
as  shown  in  Figure  6.  Both  the  TSM  and  the  ESM  were  used  to  predict  the  deflection  of  the 
beam  rmder  an  applied  load.  In  order  to  evaluate  the  different  methods,  the  actual  product  was 
also  built  and  tested.  (The  purpose  of  both 
the  TSM  and  the  ESM  is  to  predict  product 
performance  without  having  to  build  the 
product;  in  this  case,  the  product  was  built 
simply  to  evaluate  the  accuracy  of  the 
predictions).  The  actual  displacement  of  the 
beam,  along  with  the  ESM  and  TSM 
predictions,  are  shown  in  Figure  7.  The 
geometric  nonlinearities  introduced  by  the 
holes  in  the  beams  cause  the  TSM  to  give 
inaccurate  results.  The  ESM,  however,  gives 
a  very  accurate  prediction  of  the  beam 

deflection.  Figure  6.  Cantilever  Beam  Example. 
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III.  Application  of  ESM  to  SFF  Parts 


The  feasibility  of  using  the  ESM 
approach  with  SFF  parts  was  evaluated  with 
a  similar  cantilever  beam  experiment.  Using 
SFF  techniques  to  fabricate  the  model  and 
the  model  specimen  for  the  ESM  introduces 
additional  complexities  to  the  problem, 
including  orthotropic  material  structures 
and  process-dependent  material  properties. 

The  initial  experiment  used  a  tapered 
aluminum  beam  with  holes  as  the  product, 
and  a  straight  aluminum  beam  without 
holes  as  the  product  specimen  (see  Figure 
8).  The  model  and  model  specimen  were 
fabricated  with  DuraForm'^“,  a  polyamide-based  powder,  using  the  selective  laser  sintering  (SLS) 
process.  The  behavior  of  interest  is  static  deflection  under  a  load  applied  10”  from  the  clamped 
end  of  the  beam.  Both  the  TSM  and  the  ESM  were  used  to  predict  beam  deflection  under  the 
load.  Again,  the  actual  product  was  constructed  and  tested  in  order  to  evaluate  the  accuracy  of 
the  predicted  results.  The  results  of  the  test  are  shown  in  Figure  9.  As  shown  in  Figure  9,  the 
ESM  underpredicts  the  beam  deflection  by  nearly  the  same  amount  as  the  TSM  in  this  case  (22% 
error). 

In  order  to  isolate  the  source  of  the  ESM  error,  additional  experiments  were  conducted  with 
the  following  variations: 

•  Product  and  specimen  geometry  were  varied 

•  Product  material  was  varied  (aluminum  and  polycarbonate) 

•  Loading  conditions  were  varied  (load  applied  at  both  4”  and  10”  from  the  clamped  end 
of  the  beam) 

A  total  of  20  experiments  were  conducted  with  different  combinations  of  the  variables  described 
above.  Results  of  the  experiments  are  shown  in  Table  1. 
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Figure  7.  Cantilever  Beam  Results. 
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Figure  8.  Beam  Experiment  with  SLS  Models. 
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Figure  9.  Experimental  Results. 
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Table  1.  Experimental  Results. 


Test 

Product/Model 

Geometry 

Specimen 

Geometry 

ESM  Prediction  Error*  (%) 

PC@ 

4” 

PC@ 

10” 

Al@ 

4” 

Al@ 

10” 

1 

pb  o  o  _i 

1^ . .  ”"l 

-19 

-22 

-17 

-25 

2 

fo  O  o 

1 

+23 

+22 

+15 

3 

Pb  o  o j 

fo  o”o  1 

+23 

+22 

+32 

+21 

4 

ir~=i 

L__  . _J 

-34 

-38 

-24 

-41 

5 

fo  o”o  1 

c  :.:'i 

-34 

-39 

-37 

-38 

*  A  negative  value  indicates  a  prediction  less  than  the  actual  value; 
a  positive  value  indicates  a  prediction  greater  than  the  actual  value. 


A  review  of  the  experimental  results  in  Table  1  indicates  that  the  predicted  values  are  very 
sensitive  to  changes  in  geometry,  but  rather  insensitive  to  changes  in  product  material  and 
application  of  load.  The  conclusion  that  can  be  drawn  from  these  results  is  that  the  material  and 
geometry  transformations  that  are  used  in  the  ESM  approach  are  not  independent  when 
DuraForm''^^  SLS  models  are  used.  In  other  words,  a  coupling  appears  to  exist  between  material 
and  geometry  in  SLS  parts  such  that  M(G),  which  violates  the  fundamental  assumption  of  the 
ESM. 


The  SLS  process  was  evaluated  for  clues  as  to  the  source  of  the  coupling  between  material 
and  geometry.  Although  many  processing  parameters  could  contribute  to  a  coupling  between 
material  and  geometry,  the  process  evaluation  led  to  the  following  primary  hypothesis: 

•  Geometric  size  and  complexity  affects  scan  time  and,  consequently,  exposure  time 
between  layers  of  sintered  powder  to  part  bed  temperature. 

•  Exposure  time  of  sintered  powder  to  heat  may  affect  the  elastic  properties  (e.g.  Young’s 
modulus)  of  a  sintered  beam. 

•  Elastic  properties  of  a  beam  directly  affect  static  deflection  under  an  applied  load. 

The  hypothesis  is  to  be  tested  by  setting  up  a  secondary  experiment  in  which  the  effect  of 
scan  time,  or  exposure  time  of  sintered  powder  to  heat,  on  elastic  properties  of  sintered  parts  is 
evaluated.  The  results  of  the  secondary  experiment  will  then  be  used  to  establish  the  functional 
relationship  between  material  and  geometry,  or  M(G).  The  ESM  approach  can  then  be  expanded 
to  account  for  such  couplings  between  material  and  geometry. 

IV.  Conclusions 

The  potential  benefits  of  using  SFF  parts  to  obtain  functional  information  on  products  are 
tremendous.  Replacing  direct  product  tests  with  tests  on  SFF  models  could  cut  development 
costs  and  cycle  time  significantly.  Using  SFF  techniques  to  obtain  functional  information  more 
quickly  can  also  provide  more  time  for  product  refinement,  thus  leading  to  higher  product 
quality. 
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Similitude  methods  provide  a  means  of  overcoming  the  current  limitations  of  functional 
testing  with  SFF  parts.  The  empirical  similitude  method  has  been  demonstrated  as  an  effective 
means  of  correlating  distorted  systems  that  are  not  compatible  with  the  traditional  similarity 
method.  The  empirical  similitude  method,  however,  operates  under  the  assumption  of 
independence  between  geometry  and  material  properties.  The  study  presented  in  this  paper 
suggests  that  a  coupling  can  exist  between  material  and  geometry  when  SFF  parts  are  used  as  the 
model  and  model  specimen. 

Future  work  will  include  a  secondary  study  aimed  at  isolating  the  source  of  the  coupling 
between  material  and  geometry  and  establishing  the  functional  relationship  M(G).  Results  from 
the  secondary  study  can  be  used  to  expand  the  ESM  to  make  it  applicable  to  functional  testing 
with  SFF  parts. 
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Abstract 

Accuracy  and  surface  quality  problems  when  utilizing  layered  manufacturing 
technologies  have  limited  its  use  in  tooling  areas.  Therefore,  in  some  situations  a  CNC 
machine  is  still  necessary  for  finish  machining  of  rapid  manufactured  parts  and  tools. 
This  paper  presents  a  STL-based  CNC  machining  technique  for  automating  the  finishing 
of  RP  tools  and  parts  to  obtain  CNC  accuracies  and  surface  finishes.  Preprocess 
operations,  such  as  rotate  and  scale,  are  used  to  change  the  part  orientation  and 
compensate  for  shrinkage  in  the  whole  process.  An  offset  algorithm  is  developed  to  add 
‘^kin”  to  the  original  STL  file  to  make  sure  enough  material  is  left  for  finish  machining 
after  the  rapid  manufacturing  process.  The  machining  strategy  of  adaptive  raster  milling 
of  the  surface,  plus  hole  drilling  and  sharp  edge  contour  machining,  is  proposed  to  finish 
the  RP  parts  and  tools.  Corresponding  algorithms  of  adaptive  tool  path  generation  for 
raster  milling,  automatic  hole  recognition  and  drilling  tool  path  generation,  and  automatic 
sharp  edge  detection  and  tool  path  generation  are  developed.  Finally,  a  designed 
benchmark  is  machined  successfully  by  using  the  above  mentioned  machining  strategies 
and  tool  paths  generated  by  developed  software. 

1.  Introduction 

In  order  to  compete  in  today’s  global  market,  products  must  be  developed  and 
brought  to  market  at  an  ever-increasing  rate.  This  has  led  to  the  wide  use  of  rapid 
prototyping  and  manufacturing  technologies  in  industry.  Until  now,  almost  all  rapid 
manufacturing  techniques  use  layered  manufacturing  methods.  Layered  manufacturing 
processes,  decomposing  the  3D  CAD  model  into  2D  layers  and  building  part  layer  by 
layer,  have  limitations  on  surface  quality  and  accuracy.  Therefore,  in  some  situations 
CNC  machining  is  still  necessary  for  finish  machining  of  rapid  manufactured  parts  and 
tools  to  increase  accuracy  and  to  smooth  the  surface. 

When  using  CNC  machining  to  finish  the  parts,  pre-processing  of  the  original  3D 
model  and  quickly  and  correctly  generating  tool  paths  and  machine  code  from  a  3D 
model  are  very  important  issues.  To  a  certain  degree,  this  will  determine  the  success  of 
applying  milling  to  Rapid  Prototyping  and  Rapid  Tooling  (RP/RT).  Thus,  a  CAM  system 
is  being  developed  to  accomplish  this  purpose. 

Today,  many  CAD  systems  are  being  used  and  each  of  them  uses  a  different 
kernel  to  describe  the  geometry.  It  is  not  possible  to  read  all  of  these  different  data 
formats  using  one  software  package.  A  standard  format  that  can  be  output  by  most 
commercial  CAD  systems  should  be  used  as  the  input  for  this  CAM  system.  When 
looking  at  standard  formats  for  describing  and  transferring  geometrical  data,  it  was  found 
that  the  STL  format  is  readily  available  and  can  provide  great  accuracy  when  created 
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properly.  In  addition,  the  STL  format  is  being  widely  used  in  rapid  prototyping  systems 
that  use  layered  manufacturing  technology.  It  has  been  shown  that  this  format  works  very 
well  and  reliably  for  tool  path  generation  [1,2].  Thus,  the  STL  format  is  a  good  choice  for 
CAM  systems  focusing  on  the  application  of  machining  to  RP/RT. 

The  accuracy  and  surface  quality  of  parts  manufactured  by  RP  technology  are 
material  and  process  dependent.  In  order  to  obtain  high  quality  parts  or  tools,  some  pre¬ 
processing  of  the  3D  model  is  necessary.  Translation  and  rotation  operations  are  used  to 
optimize  the  part  position  and  orientation.  Scaling  of  the  model  is  used  to  compensate  for 
the  overall  shrinkage  during  the  manufacturing  process  and  finish  machining  is  used  to 
improve  part  accuracy  and  smoothness.  In  order  to  make  sure  there  is  enough  material 
left  on  the  surface  to  be  machined,  a  3D  offset  method  is  developed  to  add  ‘Iskin”  to  the 
original  model. 

Considering  both  accuracy  and  machine  efficieney,  the  machining  strategy  of 
adaptive  raster  milling  of  the  surface,  plus  hole  drilling  and  sharp  edge  contour 
machining,  is  applied  to  finish  the  RP  parts  and  tools.  According  to  surface  curvature 
information,  a  stepover  distance  is  calculated  adaptively  to  maintain  a  minimum  cusp 
height  during  raster  milling  of  the  model  surface.  This  adaptive  stepover  distance 
increases  machining  efficiency  while  maintaining  accuracy  and  surface  quality.  Sharp 
edges  are  normally  the  definition  curves  of  features.  By  maehining  along  these  edges,  the 
dimensional  accuracy  of  critical  features  can  be  improved.  The  strategy  of  recognizing 
holes  from  the  STL  model  and  drilling  them  using  the  appropriate  drilling  tools  reduces 
machining  time  and  improves  part  accuracy.  For  finish  machining  of  rapid  manufactured 
parts  or  tools,  the  degree  of  automation  and  the  total  time  used  to  generate  tool  paths 
from  the  model  are  important  criteria.  It  is  more  important  to  generate  tool  paths 
automatically  and  quickly  than  to  generate  high  efficiency  machine  code.  The  latter  is 
more  important  for  mass  production,  but  for  this  application  one,  or  at  most  a  few,  parts 
will  be  produced  with  the  same  geometry.  So  an  automatic  tool-path  generation  algorithm 
is  developed,  which  requires  very  little  user  interaction. 

2.  Pre-process  of  3D  model 

In  most  situations,  pre-processing  of  the  original  3D  model  is  required  before 
utilizing  a  rapid  manufacturing  process.  These  operations  include  changing  the  part 
orientation  for  optimization  of  building  time  or  surface  quality,  scaling  and  offsetting  the 
original  model  to  compensate  for  part  shrinkage  and  for  other  kinds  of  dimensional 
variations  during  the  manufacturing  process. 

2.1  Translate,  rotate  and  scale 

For  most  layered  manufacturing  processes,  the  building  position  and  orientation 
will  influence  part  accuracy,  surface  smoothness  and  total  build  time.  Thus  translate  and 
rotate  operations  are  applied  to  the  original  model  to  optimize  the  part  position  and 
orientation.  In  addition,  shrinkage  usually  occurs  at  some  point  during  the  manufacturing 
process.  For  example,  using  a  SLS  machine  and  a  furnace  to  make  cermet  parts,  it  was 
found  that  shrinkage  would  occur  during  furnace  cycles  as  well  as  during  the  SLS 
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process.  Preprocess  operations  on  the  original  model  will  allow  a  scale  factor  to  be  used 
to  compensate  for  the  overall  shrinkage. 

The  implementation  algorithms  for  these  basic  operations  are  first  simply 
translating,  rotating  or  scaling  each  vertex  of  triangles  of  the  3D  model,  and  then 
recalculating  the  model  size  information.  For  rotate  operations,  one  more  calculation  is 
needed  to  modify  the  unit  normal  values  of  all  triangles. 

2.2  Offset 

In  order  to  make  sure  there  is  enough  material  left  on  the  surface  to  be  machined, 
adding  ‘^kin”  to  the  original  model  is  necessary.  From  experiments  performed  in  the 
Rapid  Manufacturing  Center  (RMC)  at  the  University  of  Rhode  Island  (URI)  [3],  it  was 
shown  that  the  shrinkage  level  varied,  even  for  the  same  SLS  and  furnace  parameter 
settings.  This  variation  also  requires  offsetting  of  the  original  model  to  guarantee  that 
even  the  features  with  the  largest  shrinkage  levels  still  have  material  left  for  machining. 

The  algorithm  developed  for  offset  includes  first  offsetting  all  of  the  individual 
vertices  of  the  model  by  using  the  normal  information  of  all  triangles,  then  reconstructing 
the  triangles  by  using  new  vertex  values.  Normally  each  vertex  is  shared  by  several 
triangles  whose  unit  normal  vectors  are  different.  When  offsetting  the  model,  the  new 
value  of  each  vertex  is  determined  by  the  unit  normal  values  of  its  connected  triangles. 

Suppose  is  the  unit  vector  from  the  original  position  to  the  new  position  of 
the  vertex,  and  N^,N2,...N„  are  the  unit  normal  vectors  of  corresponding  triangles. 
^Offset  be  calculated  by  the  weighted  mean  of  those  unit  normal  vectors, 

(1) 

where  Wj  are  coefficients  whose  values  are  determined  to  satisfy  the  equation, 

^Offset  *  “1  0  —  1,2... n)  (2) 

After  solving  for  ,  the  new  position  of  the  vertex  is  given  by  the  equation, 

P  =  P  +V  *  d 

^  new  ^  original  *  Offset  ^Offset 

where  doffset  is  the  offset  dimension. 

The  above  procedure  is  repeated  until  the  new  position  values  for  all  vertices  are 
calculated.  The  model  is  then  reconstructed  using  the  new  triangle  information. 

3.  Machining  Strategy 

Machining  strategy  is  very  important  for  the  finishing  of  rapid  manufactured  parts 
and  tools.  Considering  both  accuracy  and  machine  efficiency,  adaptive  raster  milling  of 
the  surface,  plus  hole  drilling  and  sharp  edge  contour  machining  is  applied  in  this  paper. 

3.1  Adaptive  Raster  Milling 

Isoparametric  curve  machining,  parallel  plane-surface  intersection  curve 
machining,  constant  cusp  height  machining  and  space-filling  curve  machining  are  several 
very  popular  machining  strategies  used  for  freeform  surface  machining  [4-6].  Through 
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analysis,  it  was  found  that  parallel  plane-surface  intersection  machining  (raster 
machining)  is  the  most  suitable  for  3D  models  represented  by  triangular  planar  facets 
(STL  format). 


When  raster  machining  is  used  for  milling  operations,  stepover  distance  is  a  very 
important  parameter  that  controls  the  machining  accuracy  and  surface  quality.  It  is  known 
that  higher  accuracy  and  surface  quality  require  a  smaller  stepover  distance.  Normally  the 
cusp  height  of  material  left  after  the  model  is  machined  is  used  as  a  measurement  of  the 
surface  quality. 


Figure  1.  Illustration  of  determining  stepover  distance 
Fig.  1  shows  a  triangle  face  being  machined  with  a  ball  endmill.  The  relationship 
between  cusp  height  h ,  cutter  radius  r ,  stepover  distance  d ,  and  inclining  angle  a  can 
be  given  in  the  following  equation: 

d  =  2.0*yjr^  -{r-Kf  cosa  (4) 


a  is  determined  by  the  triangle  surface  normal  and  stepover  direction.  Suppose 
^Triangle  thc  uoit  nonual  vector  of  triangle  surface,  Nsu-pover  is  tmit  vector  along 
stepover  direction,  then 


cos(y  -  a)  =  sin  a  = 


J\J  •  J\J 

Triangle  Stepover 


From  Equations  (4)  and  (5),  the  following  equation  is  derived. 


(5) 


rf  =  2.0  •  -  *)  ♦  (I  -  (6) 

When  machining  the  model,  the  cutter  radius  and  milling  direction  are  the  same 
for  all  triangle  surfaces.  If  given  the  required  cusp  height  h,  d  is  only  related  to  the 
triangle  normal  vector.  For  surfaces  with  different  normal  vectors,  the  stepover  distance 
obtained  will  be  different.  In  order  to  guarantee  a  machining  tolerance,  a  minimum  d 
should  be  chosen  for  the  whole  raster  milling  step  if  a  constant  stepover  distance  is  used. 

Smaller  stepover  distances,  however,  will  lead  to  longer  programs  and  machining 
times.  Therefore,  an  adaptive  stepover  distance  for  milling  operations  according  to  local 
geometry  is  used  to  allow  for  both  accuracy  and  machine  efficiency.  It  means  that 
stepover  distances  are  calculated  dynamically  for  each  just-finished  tool  pass,  using  the 
maximum  cusp  height  to  determine  the  stepover  distance  for  the  next  tool  pass. 


3.2  Sharp  Edge  Contour  Machining 
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Sharp  edges  are  often  the  intersection  curves  between  features  and  surfaces. 
Normally  these  edges  define  the  critical  dimensions.  When  using  raster  milling,  the  edges 
parallel  to  the  milling  direction  can  be  missed  and  cause  large  errors.  As  shown  in  Fig.2, 
the  stepover  distance  d  is  used  to  machine  a  part  with  a  slot.  Even  when  the  CNC 
machine  is  perfectly  aligned  (i.e.  ignoring  machine  positioning  errors),  the  slot  width 
error  will  be  at  least, 

=  (5) 

When  6^,62  become  0,  =2d .  It  means  that  the  possible  maximum  error  is 

approximately  two  times  the  stepover  distance.  A  machining  experiment  performed 
rurming  tool  paths  generated  by  using  constant  stepover  distance  on  a  3-axis  CNC 
machine  to  make  wax  benchmark  parts,  when  measured,  also  showed  this  result. 


i.s, 


1 

i . 

I . ^ . i . 

;  T 

^^Actual 

' . 

. 

Figure  2.  Influence  of  stepover  distance  on  dimensional  accuracy 

For  complicated  edges  not  parallel  to  the  milling  direction,  raster  milling  is 
ineffective  for  creating  smooth  edges.  In  addition,  this  will  make  the  adaptive  tool  path 
generation  algorithm  less  efficient.  A  method  of  milling  along  recognized  sharp  edges 
(contours)  is  developed  to  solve  this  problem. 

3.3  Hole  drilling 

Circular  holes  are  common  features  in  parts  and  tools.  Using  milling  tools  to 
create  holes  is  inefficient  and  the  circularity  of  the  holes  is  poor.  Therefore,  a  machining 
strategy  of  drilling  holes  using  the  correct  sized  drilling  tool  is  developed.  The  most 
challenging  aspect  is  to  recognize  holes  in  all  directions  automatically.  In  the  STL  data 
format,  the  3D  geometry  is  represented  by  a  collection  of  xmordered  triangular  planar 
facets.  Thus  all  feature  information  is  lost.  The  algorithms  used  in  the  next  section  allow 
for  reconstructing  the  holes  and  determining  their  diameters,  orientations  and  depths. 

4.  Automatic  Tool  Path  Generation 

One  of  the  essential  tasks  of  finish  machining  is  to  generate  the  tool  paths 
automatically  from  the  3D  CAD  model.  Based  on  the  machining  strategies  proposed 
above,  the  corresponding  algorithms  for  adaptive  tool  path  generation  for  raster  milling, 
automatic  hole  recognition  and  drilling  tool  path  generation,  and  automatic  sharp  edge 
detection  and  tool  path  generation  have  been  developed. 
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4.1  Tool  Path  Generation  for  Raster  Milling 

For  tool  path  generation  using  raster  milling,  the  most  widely  used  method  is  to 
first  calculate  the  cutter  contact  point  on  the  model,  then  use  normal  direction  and  cutter 
size  information  to  find  the  cutter  location.  This  method  normally  requires  gouge 
detection  algorithms  to  adjust  cutter  location  data  in  order  to  avoid  overcuts  for  some 
complex  surfaces.  Gouge  detection  development  is  time  consuming  and  complex.  An 
alternative,  offset  surface  method  can  generate  gouge-free  tool  paths  [7],  and  offset 
algorithms  were  developed  for  the  above-mentioned  skin  addition  operation.  Therefore, 
offset  surface  milling  algorithms  are  used  for  tool  path  generation. 

Fig.  3  shows  a  flowchart  for  this  tool  path  generation  program.  It  is  designed  for 
use  with  ball  endmills.  The  original  facet  model  is  offset  by  the  cutter  radius.  This  new 
model  represents  the  cutter  location  points.  Because  not  all  triangular  surfaces  can  be 
accessed  by  the  cutter  in  a  3  axis  machine  using  one  setup,  only  the  triangles  who  have 
positive  z-components  of  their  normal  vectors  are  picked  to  generate  a  machinable 
triangles  list.  Taking  into  account  the  milling  direction  given  and  relevant  3D  model 
information,  a  starting  cutting  plane  is  defined.  For  example,  if  the  milling  direction  is 
along  the  x  axis  and  the  minimum  y  value  of  model  is  ,  then  the  plane  y  =  is 
defined  as  the  starting  plane.  By  calculating  the  intersections  between  the  cutting  plane 
and  the  triangle  facets  in  the  machinable  list,  many  line  segments  will  be  defined.  These 
segments  are  sorted,  checked  and  linked  to  identify  the  top  envelope  lines  that  will 
become  the  tool  paths.  By  using  equation  (6),  the  required  stepover  distance  can  be 
calculated  for  each  line  segment,  or  tool  pass.  The  minimum  distance  is  used  as  the 
stepover  distance  to  update  the  cutting  plane.  The  above  procedure  is  repeated  until  the 
cutting  plane  lies  outside  of  the  model. 

4.2  Tool  Path  Generation  for  Sharp  Edge  Contour  Machining 

In  order  to  machine  along  sharp  edges,  all  sharp  edges  must  be  identified  from  the 
STL  model  first.  The  normal  vector  information  of  each  triangle  is  used  to  check  the 
property  of  the  edge.  The  angle  between  normal  vectors  of  two  neighboring  triangles  is 
calculated.  If  this  angle  is  larger  than  a  specified  angle,  the  edge  shared  by  these  two 
triangles  will  be  marked  as  a  sharp  edge.  If  edges  are  not  accessible  by  a  cutter,  they  are 
eliminated,  and  leaving  only  the  “nearly-straighf  ’  walls  of  interest  for  machining.  Thus, 
hidden  edges  and  edges  not  belonging  to  vertical  surface  are  removed  from  the  sharp 
edges  list.  Overlaps  of  edge  projections  in  the  XY  plane  will  cause  redundant  tool  paths, 
they  are  also  eliminated  before  tool  paths  are  calculated.  By  offsetting  the  edges  by  the 
cutter  radius,  the  x,  y  location  of  the  endmill  is  obtained.  The  z  value  is  determined  by 
calculating  the  intersection  with  the  3D  model  and  finding  the  corresponding  maximum  z 
value.  Fig.  4  shows  a  flowchart  of  the  process. 
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Figure  3.  Flowchart  of  Tool  Path 
Generation  for  Raster  Milling 


Figure  4.  Flowchart  of  Tool  Path 
Generation  for  Sharp  Edges 


4.3  Hole  Drilling  Tool  Path  Generation 

The  intersection  curve  between  a  hole  and  a  surface  is  tj^ically  a  closed  loop. 
Thus,  closed  loops  are  constructed  using  sharp  edges  from  the  entire  model.  However, 
these  closed  loops  will  not  necessarily  be  the  intersection  curves  between  holes  and  the 
model  surface.  A  hole  checking  method  is  used  to  remove  the  loops  that  do  not 
correspond  to  a  drilled  hole.  The  remaining  loops  and  hole  geometry  are  used  to 
determine  the  diameter,  axis  position  and  direction,  and  depth  for  drilling.  Finally,  the 
tool  path  can  be  easily  generated  using  information.  Fig.  5  summarizes  this  procedure. 

The  hole  checker  algorithm  shown  in  Fig  6  illustrates  how  to  determine  if  loops 
represent  drilled  holes  in  the  surface.  In  most  situations,  more  than  10  triangular  facets 
are  needed  to  reconstruct  hole  surfaces  in  order  to  meet  accuracy  requirements.  This 
criterion  is  used  to  quickly  remove  unsatisfactory  loops.  The  cross  product  of  two 
different  normal  vectors  of  the  inside  surface  of  the  hole  will  give  a  vector  that  is  parallel 
to  the  hole  axis  direction.  Based  on  this  information,  3  evenly  distributed  edges  in  each 
loop  are  selected.  For  each  edge,  there  will  be  two  corresponding  triangular  facets,  only 
one  of  which  belongs  to  the  hole  surface.  By  calculating  the  cross  products  of  normal 
vectors  of  these  triangles,  the  hole  orientation  is  obtained.  By  projecting  all  of  the  edges 
inside  the  loop  onto  the  plane  that  is  perpendicular  to  the  hole  axis  direction,  passing 
through  (0,0,0),  the  circularity  of  the  loop  is  checked.  Center  and  diameter  information  is 
obtained  if  it  meets  circularity  conditions. 
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5.  Application 

A  benchmark  shown  in  Fig. 7  is 
designed  to  efficiently  verify  the  proposed 
machining  strategies  and  automatic  tool-path 
generation  algorithms  developed.  This 
benchmark  includes  a  variety  of  features,  such 
as  different  types  of  surfaces,  complicated 
sharp  edges  and  holes  in  different  orientations. 

The  part  is  successfully  machined  using  G 
code  generated  by  the  developed  software  on  a 
3 -axis  CNC  machine. 

6.  Conclusion 

The  overall  objective  of  this  project  is  to  develop  techniques  for  finish  machining 
of  rapid  manufactured  parts  and  tools.  The  work  focuses  on  the  issues  of  original  STL  file 
preprocessing  and  STL-based  automatic  tool  path  generation  for  CNC  machining. 


Figure  7.  Designed  Benchmark 
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Preprocess  operations,  such  as  rotate  and  scale,  are  used  to  change  the  part  orientation 
and  compensate  for  shrinkage  in  the  entire  process.  An  offset  algorithm  was  developed  to 
add  ‘^kin”to  the  original  STL  file  to  ensure  material  is  left  for  finish  machining  after  the 
rapid  manufacturing  process. 

Layered  manufacturing  techniques  have  many  benefits  over  traditional  tooling 
manufacture  methods.  Accuracy  and  surface  quality  problems,  however,  have  limited  its 
use  in  tooling  areas.  Therefore,  in  some  situations  a  CNC  machine  is  still  necessary  for 
finish  machining.  Considering  the  popularity  and  reliability  of  the  STL  format,  it  was 
chosen  as  the  input  file  type  for  CAM  software  development.  The  machining  strategy  of 
raster  milling  of  the  surface,  plus  hole  drilling  and  sharp  edge  contour  machining,  is 
proposed  and  automatic  tool  path  generation  has  been  developed. 

Future  work  on  pre-processing  will  be  aimed  at  adding  reference  fixture  features 
to  the  original  3D  model  to  facilitate  easy  and  accurate  mounting  of  the  part  on  a  CNC 
machine.  To  improve  machining  efficiency,  a  surface  splitting  algorithm  will  be 
developed  to  divide  the  model  into  several  regions  using  sharp  edge  information.  These 
different  types  of  surfaces  can  be  machined  by  using  different  strategies  and  cutters 
which  are  more  optimum  for  each  type  of  surface  identified. 
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Abstract 

For  extrusion  based  multi- material  Layered  Manufacturing  (LM)  processes,  a  CAD  system  has 
been  developed  for  the  Fused  Deposition  of  Multiple  Ceramics  (FDMC)  hardware.  This  closed 
loop  CAD  system  includes  solid  model  design  &  multi- material  slicing,  multi- material  toolpath 
generation  and  virtual  simulation  modules.  Intelligent  features  and  an  adaptive  roadwidth 
optimum  toolpath  generation  algorithm  compute  void  sizes  &  their  location  and  generate  a  void 
free  toolpath  [1][2].  The  present  study  focuses  on  a  comprehensive  ^proach,  which  includes  a 
format  that  contains  the  information  on  the  geometry  of  the  multi- material  components,  the  build 
materials  and  the  necessary  fabrication  process  information.  Multi-CAD  utilizes  computer 
graphics  techniques  to  visualize  the  fabricated  part.  The  slicing  algorithm  is  utilized  to  create 
multi- material  contours,  which  then  are  integrated  into  our  previously  developed  intelligent  toof 
path  system. 


Introduction 

As  we  know,  there  are  many  advantages  to  introducing  layered  manufacturing  systems  into 
current  manufacturing  environments.  These  include  the  capability  to  fabricate  parts  with 
complicated  geometry,  shorter  process  time  and  the  elimination  of  assembly  of  components.  The 
above  advantages  dramatically  reform  the  economics  of  current  industry  to  satisfy  the  needs  of 
the  competitive  market.  Unfortunately,  a  big  drawback  of  most  LM  systems  is  that  constraints  in 
handling  multi- material  products.  A  major  reason  is  that  their  computer  models  do  not  contain 
material  information.  Without  rmterial  information,  LM  systems  are  unable  to  distinguish  the 
multi- material  models  and  always  treat  them  as  single- material  models.  To  overcome  this 
drawback,  developing  a  multi- CAD  system  to  recognize  multi- material  models  is  needed.  The 
developments  in  fabricating  multi- material  parts  include  two  parts,  the  development  of  multi¬ 
material  LM  systems  and  the  development  of  multi- material  CAD  system.  Examples  of  the 
recent  developments  include  the  Shape  Deposition  Manufacturing  (SDM)  developed  at  Stanford 
University  and  Fused  Deposition  of  Multiple  Ceramics  (FDMC)  built  at  Rutgers  University.  Of 
multi-CAD  systems,  Vinod  Kumar  proposed  an  approach  to  modeling  multi- material  objects  in 
1997  [3].  Dan  Qiu  presented  a  multi- material  tool  path  generation  in  2000  [4][5]. 

1.  The  Configuration  of  Multi -CAD  System 

Figure  1  shows  the  configuration  of  our  multi- material  CAD  system.  This  multi-CAD  system  is 
based  on  the  Fused  Deposition  Method  (FDM)  -  an  extrusion  based  LM  system.  The  FDM 
system  includes  a  liquefier  to  heat  up  the  filaments  and  a  two-dimension  table  to  drive  the 
liquefier  along  the  tool  path  to  deposit  the  molten  filaments  layer  by  layer  to  build  up  the  part. 

The  multi-CAD  system  requires  component  STL  models  from  available  CAD  modelers  such  as 
I-DEAS,  fto/E  and  AutoDesk.  The  CAD  systems  allow  us  to  position  the  STL  models  in  the 
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desired  locations.  After  all  STLs  are  made,  we  use  Multi-CAD  to  indicate  the  building  material 
for  each  STL  model  separately  and  then  assemble  them  into  a  new  multi- material  model  [1][2]. 
This  new  multi-  material  model  includes  not  only  geometry  information,  but  material  information 
as  well.  The  above  information  enables  the  multi-CAD  system  to  display  multi- material  models 
on  the  screen  and  to  proceed  with  LM  multi- material  fabrication  processes  (slicing  process  and 
tool  path  generation  process).  Because  the  LM  fabrication  processes  applied  in  the  Multi-CAD 
system  all  are  based  on  a  multi- material  model,  the  model  sheer  and  tool  path  generator  must  be 
able  to  recognize  the  multi- material  model  to  accomplish  their  tasks. 

The  model  sheer  slices  a  multi- material  model  into  a  slice  model  (a  set  of  contours)  and  then  the 
tool  path  generator  executes  its  job  according  to  the  slice  model.  The  tool  path  generator  is 
designed  to  create  vo  id  free  FDM  parts. 

In  previous  studies  at  Rutgers,  we  had  found  numerous  defects  in  fabricating  multi- material 
FDM  parts  [1][2][4].  To  eliminate  the  defects,  we  have  introduced  a  material  library  into  our 
Multi- CAD  system  [5].  The  material  library  stores  the  control  parameters  for  all  of  the  building 
materials;  the  parameters  guide  the  LM  system  to  avoid  the  defects.  Greater  detail  on  the 
material  library  will  be  addressed  later  in  this  paper. 


The  multi-CAD  system  also  provides  fabrication  simulation  to  make  virtual  FDM  parts.  It 
applies  computer  graphics  technology  to  assist  us  in  evaluating  the  FDM  parts  (especially  the 
insides  of  the  parts).  This  road  shape  simulator  also  links  with  the  road  shape  library,  which 
assists  us  in  selecting  the  right  shape  of  nozzle  to  fabricate  void  free  parts. 


Multi-material  SLC 


Figure  1  The  Configuration  of  Multi- CAD  System 
2.  Assembly  STLs  to  Multi- material  Model: 

STL  is  the  most  common  solid  model  format  used  in  the  LM  industry.  For  this  reason,  we  chose 
it  for  the  components  of  the  multi- material  model.  It  describes  its  surface  by  a  set  of  triangular 
facets;  it  is  also  known  as  a  surface  solid  model.  The  format  includes  a  file-name  and  a  collection 
of  triangular  facets.  Every  facet  is  defined  by  a  normal  vector  and  three  vertices.  The  normal 
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vector,  a  normalized  vector,  is  used  to  indicate  the  outward  direction  of  the  surface.  The  most 
important  task  of  this  vector  is  to  allow  the  computer  to  distinguish  between  the  inside  and 
outside  of  die  solid  model.  In  addition,  it  offers  instant  data  for  lighting  effects  in  computer 
visualization.  The  vertex  coordinates  of  the  triangular  facets  play  an  important  role  in  fabricating 
an  accurate  part  by  determining  the  shape  and  scale  of  the  model. 

2.1  Prepare  STLs  by  Commercial  Modelers: 

STL  contains  only  geometry  information;  this  information  is  inadequate  for  supporting  our 
multi-CAD  system.  The  issues  to  be  resolved  in  order  to  accomplish  the  preparation  of  STLs  for 
a  multi- material  model  are  summarized  as  follows: 

(1)  Scale  or  Unit  Issue: 

Our  goal  is  to  fabricate  an  accurate  multi- material  part,  so  the  scale  and  unit  of  the  model  is 
very  important  to  us.  Unfortunately,  STL  does  not  include  information  on  its  unit  system.  To 
handle  this  disadvantage  of  STL,  it  is  necessary  to  know  the  type  of  unit  system  used  in 
commercial  nwdelers  since  they  are  the  original  sources  of  the  STLs.  In  our  investigation,  we 
have  found  that  STLs  converted  from  I-DEAS  are  based  on  the  INCH  system.  This  means 
that  the  scale  of  such  STLs  is  1:1  with  the  INCH  system  of  I-DEAS.  Once  the  STL  is 
generated,  it  can  be  treated  as  a  standard  and  then  scaled  to  other  unit  systems. 


solid  MATERIALl 

facet  normal  VX  VY  VZ 
outer  loop 
vertex  X  Y  Z 
vertex  X  Y  Z 
vertex  X  Y  Z 
endloop 
endf acet 


endsolid  BiATERIALl 
solid  MATERIAL2 

facet  normal  VX  VY  VZ 
outer  loop 
vertex  X  Y  Z 
vertex  X  Y  Z 
vertex  X  Y  Z 
endloop 
endfacet 


endsolid  MATERIAL2 


(a)  (b) 

Figure  2  (a)  Solid  Multi- material  Model  (b)  Multi- material  STL  Format 
(2)  Assembly  Issue: 

Since  it  is  required  that  the  componential  STLs  are  created  independently,  we  have  to 
carefully  create  each  component  in  its  exact  position  to  provide  for  perfect  matches  during 
the  assembly  process.  Fortunately,  most  commercial  modelers  are  good  at  translation  and 
rotation.  Using  these  functions,  the  STLs  can  be  easily  located  to  the  desired  positions  and 
then  assembled  to  the  multi- material  model.  Our  multi-CAD  system  does  not  have  the 
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function  to  optimize  the  building  orientation,  so  the  building  orientation  should  also  be 
considered  when  componential  STLs  are  created. 

2.2  Multi-material  Model  Format: 

Our  multi- material  model  is  a  set  of  STLs,  as  shown  on  Figure  2(a).  The  title  name  of  STL 
following  the  word  “solid”  is  redundant  data,  so  we  replaced  it  with  a  material  index  (used  to 
indicate  the  building  material  of  the  STL).  The  material  index  is  a  standard  in  our  material 
library.  Users  continuously  load  the  STLs  and  define  their  building  materials  by  the  multi-CAD 
system.  Multi-CAD  will  automatically  generate  the  multi- material  model.  The  format  of  multi¬ 
material  models  is  shown  in  Figure  2(b).  It  contains  a  material  index,  normal  vectors  of  the 
facets,  and  the  coordinates  of  the  vertices. 

For  visualization,  we  treat  the  material  index  as  a  material  color  index  because  we  would  like  to 
distinguish  materials  by  color.  In  order  to  visualize  multi- material  models,  it  is  necessary  to  store 
all  OpenGL  color  parameters  of  the  available  FDM  building  materials  in  the  material  library. 
The  material  index  in  the  multi- material  format  will  guide  the  multi-CAD  system  to  find  its  color 
parameters  Ifom  the  material  library.  The  color  parameters  are  then  applied  in  OpenGL  view 
functions  to  display  the  models  appropriately. 

2.3  Efficient  Data  Structure: 

Many  researchers  have  investigated  the  use  of  efficient  data  structures  to  speed  up  the  slicing 
process  [6][7][8].  Including  topology  information  in  data  structures  is  one  such  method  [9]. 
Based  on  this  technique,  the  data  structure  shown  in  Figure  3  was  developed  to  fulfill  our  need. 
Our  data  structure  includes  two  sets  of  data:  one  set  stores  the  coordinates  of  all  vertices  while 
the  other  set  stores  the  instant  data  containing  the  topology  (facet,  the  minimum  points  and 
maximum  points  in  XYZ  directions  of  componential  models,  normal  vectors  of  facets,  and  the 
number  of  facets  of  componential  models).  The  instant  data  were  calculated  from  original  STL 
data  and  stored  in  computer  memory  to  await  ealling  from  our  processes.  The  processes  can 
immediately  obtain  them  firom  computer  memory  without  re-calculation,  dramatically  speeding 
up  execution.  The  instant  data  offers  good  advantage,  but  unfortunately  we  cannot  extend  them 
without  limit.  Huge  instant  data  will  occupy  enough  computer  memory  to  affect  the  ability  of 
Multi-CAD  systems  to  handle  large  models.  In  order  to  avoid  this  problem,  we  need  to  determine 
the  optimal  size  of  instant  data. 

Because  the  capability  to  handle  large-sized  models  is  one  of  our  goals,  we  introduced  the 
“INDEX”  algorithm  to  reduce  redundant  instant  data  and  save  memory.  The  “INDEX”  algorithm 
uses  a  2-dimension  integer  variable  type  matrix  to  indicate  the  connection  of  facets  and  vertices, 
facets  [^facets]  [4]  storing  three  vertex  indexes  of  the  facet  and  one  register  for  the  slicing 
process.  All  of  the  vertex  coordinates  will  be  2-dimension  float  variable  matrix, 
points [#pointsJ [3J  storing  a  point  index  and  3-D  coordinates.  As  we  know,  the  size  of  the 
variable  Integer  is  16  bits,  and  the  size  of  variable  float  is  32  bits.  The  size  of  integer  is  just  half 
that  of  float,  so  we  can  eliminate  redundant  instant  data  and  shrink  the  size  of  instant  data  at 
same  time. 
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Figure  3  Data  Structure  Used  in  Multi- CAD  System 


3.  A  Slicing  Process  for  Multi-material  Model: 

The  slicing  process  includes  three  stages:  search  for  appropriate  edge  to  begin  slicing,  generating 
intersection  points,  and  determining  slicing  direction  [10].  The  key  to  slicing  multi- material 
models  is  to  slice  componential  STLs  independently  and  to  indicate  their  building  material  on 
their  contours  at  same  time.  In  this  study,  the  slice  thickness  is  kept  constant.  The  details  of 
slicing  a  multi- material  model  are  shown  in  the  following  chart.  Figure  4. 
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Figure  4  The  Flow  Chart  of  Multi- material  Slicing  Process 
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The  sliced  model  visualization  is  the  same  as  that  of  a  solid  model  Figure  2,  the  material  index 
guides  the  multi-CAD  system  to  its  OpenGL  color  parameters  in  material  library  and  contours 
are  displayed  appropriately  as  shown  in  Figure  5(a).  Since  there  is  no  standard  format  for  slice 
files,  the  format  of  our  multi- material  slice  file  is  similar  to  the  Stratasys  SSL  file  format  shown 
in  Figure  5  (b)  [11]. 


Z  z-coordinatc2-stcp 

Material  index 

Number  of  contour 

points 

XO  YO 

XI  Y1 

X2  Y2 


Z  z-coordinate  z-step 

Material  index 

Number  of  contour 

points 

XO  YO 

XI  Y1 

X2  Y2 


END 


(a) 


(b) 


Figure  5  (a)  Multi- material  Contour  Model  (b)  Multi- material  Contour  Format 


4.  Tool  Path  Generation: 

Because  our  model  is  a  multi- material  model,  it  may  include  many  contours  with  various 
materials  at  the  same  level.  In  addition,  contours  can  also  be  classified  as  outside  and  inside 
contours.  It  is  necessary  to  classify  such  contours  group  by  group  to  allow  the  tool  path  generator 
to  correctly  process  its  task.  Contour  orientation  is  the  way  to  distinguish  between  outside  and 
inside  contours.  The  orientation  of  outside  contours  is  counterclockwise,  and  that  of  inside 
contours  is  clockwise.  The  multi-CAD  sheer  slices  the  multi- material  model  component  by 
component,  so  contours  with  various  materials  can  be  easily  classified.  At  this  stage,  the 
previously  developed  intelligent  tool  path  generator  [4]  can  be  used  to  create  defect  free  virtual 
parts. 

5.  The  Generation  of  FDM  Fabricated  File: 

The  process  to  generate  a  FDM  fabricated  file  is  to  put  the  tool  path  and  hardware  control 
parameters  together.  The  hard  control  parameters  include  start  flow,  main  flow,  head  speed, 
liquefier  temperature,  and  the  size  and  shape  of  nozzle.  These  control  parameters  are  sensitive  to 
the  building  material.  In  other  words,  the  setups  of  control  parameters  will  be  different  if  the 
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building  material  is  changed.  To  address  this  need,  we  introduced  the  material  library  into  our 
multi-CAD  system.  It  contains  all  of  the  control  parameters  for  each  building  material.  The 
multi-CAD  system  will  choose  the  appropriate  control  parameters  from  the  material  library 
according  to  the  material  index  of  the  multi- material  model.  Once  the  control  parameters  are 
defined,  the  multi-CAD  follows  the  format  of  the  fabricated  file  shown  in  Figure  6  to  put  them 
together  with  the  tool  path.  The  process  is  repeated  for  each  building  material  in  the  multi¬ 
material  model  to  complete  the  fabricated  file  for  the  multi- material  model. 


(a)  (b) 

Figure  6  (a)  Fused  Deposition  of  Multiple  Ceramics  (FDMC) 
(b)  The  Format  of  Multi- material  Fabricated  File 


6.  Road  Shape  Simulation: 

Based  on  our  experimental  study  at  Rutgers,  we  know  that  the  size  and  the  shape  of  the  deposited 
roads  are  dependent  on  the  material  and  the  processing  parameters.  The  purpose  of  building  the 
road  shape  simulator  shown  on  Figure  7  is  to  simulate  the  fabrication  process  of  FDM  (Fused 
Deposition  Manufacturing).  The  simulation  program  using  computer  graphics  technology  allows 
us  to  detect  errors  and  to  remove  the  errors  firom  the  FDM  fabrication  process  easily  and  quickly. 
Generating  a  virtual  FDM  part  by  the  simulator  requires  little  time;  it  is  much  faster  than  the  time 
to  generate  a  physical  FDM  part.  This  methodology  reduces  product  cycle  time  and  enhances  the 
quality  of  products. 


Conclusions 

In  this  paper,  we  have  demonstrated  a  systematic  approach  to  fabricating  multi- material  products 
by  a  FDM  system.  The  approach  includes  a  new  multi- material  model,  a  multi- material  slicing 
process,  multi- material  tool  path  generation,  and  multi- material  fabricated  file  generation.  In 
addition,  we  have  also  introduced  a  virtual  manufacturing  simulator  to  remove  errors  from  the 
fabrication  process.  This  system  has  demonstrated  great  benefit  by  shortening  the  product  cycle 
and  reducing  cost. 
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Abstract 


Rapid  prototyping  is  used  in  jewelry  production  since  the  introduction  of 
Stereolithography  Apparatus  into  the  market.  However,  the  building  orientation  is 
mainly  decided  by  the  experience  of  the  operator  rather  than  by  any  systematic 
analysis.  A  theory  is  therefore  needed  to  analyze  the  best  orientation  of  jewelry  in 
rapid  jewelry  production.  In  this  paper,  a  new  orientation  methodology  is  applied  to 
jewel  ring  models  to  properly  orient  them  for  layer  manufacturing.  Jewel  ring  model 
built  is  then  demonstrated  to  have  better  quality  and  less  error.  A  case  study  is 
presented  to  illustrate  the  theory. 


Introduction 


There  are  a  number  of  researches  being  done  in  the  past  about  part  orientation 
in  rapid  prototyping  or  layered  manufacturing.  In  1994,  Dietmar  and  Georges  [I] 
proposed  an  expert  system  tool  for  determining  the  preferred  part  building  orientation 
for  stereolithography  processes.  An  expert  system  was  used  to  interact  with  the  user  to 
assess  the  most  critical  issues  for  deciding  the  optimal  part  building  position.  Three 
aspects  were  concerned  in  the  expert  system:  surface  finish,  build  time  and  support 
structure.  Surface  finish  is  considered  as  the  most  important,  then  the  build  time  and 
finally,  the  support  structures.  The  research  defines  specific  geometric  features  such 
as  a  hole  or  a  plane.  Characterristic  feature  axis  is  defined  and  orientation  of  specific 
geometric  features  is  described.  In  1994,  Allen,  Dutta  and  Arbor  [2]  determined  the 
best  direction  to  build  an  object  by  layered  manufacturing  processes.  The  object  was 
constructed  with  minimal  support  structures  and  was  stable,  and  rested  on  a  planar 
base.  Ray-structure  computation  was  used  for  each  orientation  in  analyzing  the 
support  structure.  The  object  intersects  with  rays  will  produce  intersection  points.  The 
intersection  points  are  then  classified  by  the  direction  of  normals.  For  face  with 
normal  pointing  upwards,  the  corresponding  point  on  the  object  does  not  need 
support,  otherwise,  the  boundary  points  on  the  object  may  need  support.  For  the  latter, 
they  will  be  further  classified  as  supported  or  unsupported.  If  the  angle  between  the 
face  normal  and  the  negative  z-axis  (building  direction)  is  smaller  than  the  user 
specified  angle,  support  will  be  added.  Otherwise,  the  points  are  unsupported.  In 
1995,  Cheng,  Fuh,  Nee,  Wong,  Loh  and  Miyazawa  [3]  developed  a  multiple 
objective-function  as  a  formulation  to  derive  the  optimal  orientation  for 
stereolithography  process.  Two  objective  functions  are  defined.  The  primary  objective 
function  considers  the  part  accuracy.  The  influence  by  the  types  of  surfaces  on  the 
accuracy  will  be  represented  by  a  weighting.  The  secondary  objective  function  deals 
with  the  build  time.  The  build  time  of  the  orientation  obtained  from  primary  objective 
function  is  checked.  In  1997,  Ng  and  Tan  [4]  optimized  the  part  orientation  in  rapid 
nrototvninu  orocesses  bv  usine  feature-based  functions.  Three  factors  were  used  to 
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determine  the  optimal  orientations:  part  accuracy,  build  time  and  support  structures. 
Two  functions:  feature  weight  and  feature  objective  value  were  used  to  analyze  the 
part  accuracy  and  to  determine  the  potential  candidates  for  optimal  part  orientation. 
Optimal  orientation  was  then  chosen  from  the  potential  candidates  based  on  minimal 
building  time  using  minimum  number  of  layers.  In  1997,  Xu,  Wong,  Loh,  Fuh  and 
Miyazawa  T.  [5]  sliced  a  CAD  model  directly  by  introducing  an  adaptive  variable 
thickness  sheer  implemented  on  a  solid  CAD  modeller  and  obtain  an  optimal  building 
orientation  by  considering  building  time,  part  accuracy  and  part  stability  in  SLA 
systems.  The  building  time  is  measured  in  terms  of  the  number  of  layers  to  be  built.  In 
building  parts  using  SLA,  part  accuracy  can  be  improved  by  minimizing  the  overhang 
area.  Overhang  area  is  calculated  by  using  a  function.  If  the  projection  of  the  mass 
center  falls  within  the  convex  hull  of  the  base  geometry,  the  part  is  assumed  to  be  in  a 
stable  building  direction.  If  not,  the  part  is  unstable  in  that  building  direction. 

In  general,  the  previous  researches  concern  mainly  with  part  accuracy,  build 
time,  support  structure  and  part  stability  of  the  prototype  to  be  built  in  the  RP 
machine.  However  in  jewelry  production,  aesthetic  quality  is  the  main  concern.  In 
layer  manufacturing  of  jewelry,  the  building  orientation  will  definitely  affect  the 
quality  of  the  prototype.  Thus,  a  new  methodology  is  introduced  in  this  paper  to  give 
the  best-built  orientation  for  jewelry  produetion. 


Maximum  Visibility  Building  Orientation 

Inherently,  layered  manufaeturing  is  an  approximation  process  even  though 
direct  slicing  and  adaptive  slicing  is  used.  As  an  aesthetic  product  (rather  than  a 
functional  product),  the  staircase  approximation  error  is  better  minimized  from  the 
observer.  In  layer  manufacturing  of  jewelry,  the  best  build  orientation  is  the  direction 
with  least  error  visible  instead  of  build  time,  accuracy,  or  minimization  of  support.  In 
this  paper,  a  new  methodology,  maximum  visibility  building  orientation  is 
introduced  to  find  the  best  orientation  of  jewel  ring  in  layer  manufacturing. 

For  any  three-dimensional  object,  different  viewing  direction  will  give 
different  boundary  information  to  the  viewer.  Except  for  highly  symmetric  objects, 
some  viewing  directions  will  provide  the  maximum  information.  The  maximum 
visibility  direction  of  an  object  is  the  direetion  in  which  maximum  visible  surfaces 
can  be  observed.  In  other  words,  it  is  the  one  giving  the  maximum  projection  area. 

To  obtain  maximum  visibility  building  orientation,  two  steps  are  needed.  First, 
the  orientation  information  is  extracted  from  the  CAD  model.  Seeond,  the  maximum 
visibility  direction  is  determined  using  the  projection  area  criterion.  For  step  one, 
Gaussian  image  is  used  to  represent  the  orientation  information  of  the  CAD  model. 
For  the  second  step,  the  Gaussian  image  is  extended  to  inelude  the  local  area 
associated  with  a  particular  viewing  direction.  Figure  1  shows  the  flowchart  of  the 
whole  process. 
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Figure  1 .  Complete  process  of  maximum  visibility  orientation. 


A  CAD  model  of  a  jewel  ring  is  first  constructed.  Then  the  STL  file  of  the  jewel 
ring  is  created  to  obtain  approximated  model  with  triangular  facets.  Next,  the 
extended  Gaussian  image  (EGI)  model  of  the  jewel  ring  is  generated. 

The  Gaussian  image  of  an  object  is  obtained  by  associating  with  each  point  on  its 
boundary  surface  a  point  on  the  Gaussian  sphere  which  has  the  same  surface 
orientation  as  shown  in  Figure  2.  For  convex  object  with  positive  Gaussian  curvature 
everywhere,  no  two  points  have  the  same  surface  normal.  Thus,  the  mapping  from  the 
object  to  the  Gaussian  sphere  is  invertible.  However,  if  the  convex  surface  has  patches 
with  zero  Gaussian  curvature,  curves  or  even  areas  on  it  may  correspond  to  a  single 
point  on  the  Gaussian  sphere  [6].  The  many-to-one  mapping  encapsulates  only  the 
orientation  information  of  the  object.  Other  geometric  information,  like  size,  surface 
type,  is  not  considered. 
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Figure  2.  Gaussian  image  of  an  object. 


The  Gaussian  image  will  only  give  a  collection  of  directions.  In  other  words,  all 
elements  have  unit  length.  To  extend  the  Gaussian  image  to  rapid  jewellery 
production,  regions  of  the  jewellery  product  visible  in  the  same  direction  will  be 
quantified  as  area.  The  EGI  for  rapid  jewellery  production  use  will  thus  have  elements 
of  Gaussian  image  weighted  by  area.  In  other  words,  elements  in  EGI  may  have 
different  lengths.  If  a  lot  of  boundary  points  in  the  object  have  the  same  outward 
normal,  the  corresponding  image  in  EGI  will  be  longer.  The  EGI  of  an  object  is 
independent  of  the  position  of  surfaces  and  it  represents  the  distribution  of  the  surface 
normals.  In  general,  it  is  difficult  if  not  computationally  expensive  to  find  the  EGI  of 
non-convex  object.  A  polygonal  approximation  is  therefore  used.  In  particular, 
triangular  facetted  approximation  in  STL  file  format  is  employed  to  obtain  the  EGI. 
Figures  3a  -  c  shows  an  example  of  using  EGI  to  represent  an  ellipsoid.  Each  arrow  in 
Figure  3a  represents  a  surface  normal  direction.  The  length  of  each  arrow  in  the 
Gaussian  sphere  represents  the  area  of  facets  with  the  same  direction  in  Figure  3b. 
The  tails  of  each  arrow  in  Figure  3c  are  pointed  from  the  center  of  the  sphere. 


Figure  3a.  Ellipsoid  with  its  surface  normals. 
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Figure  3b.  Facet  approximated  model  of  the  ellipsoid. 


Figure  3c.  EGI  model  of  the  ellipsoid. 


For  any  object,  there  exists  a  direction  in  which  maximal  surfaces  are  visible.  If 
the  object  is  built  by  aligning  maximum  visibility  direction  with  the  building 
direction,  the  rapid  prototype  of  jewel  ring  model  will  have  the  best  quality. 


Using  the  EGI  model,  the  maximum  visibility  direction  for  a  jewel  ring  model  can 
be  easily  found.  Each  element  in  the  EGI  model  has  direction  fn  and  magnitude  2  Ai . 


The  maximum  visibility  direction  is  the  resultant  vector 


However,  a  jewel  ring  has  a  through  hole.  If  all  the  vectors  Ai  hi  are  summed,  the 

m 

resultant  vector  ^  Ai  hi  will  be  equal  to  zero.  Thus,  the  component  of  all  unit 

A  /V  r 

normals  *  ,  ^i  *  J  and  n,*  k  take  the  absolute  value  before  the  summation. 
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Case  studj 


A  jewel  ring  model  in  Figure  4  is  used  for  illustration.  Figure  5  shows  the 
facet  model  of  Jewel  ring.  Figure  6  is  the  EGI  model.  Figure  7  shows  the  maximum 
visibility  direction  obtained. 
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Figure  6.  EGI  of  the  jewel  ring. 


Maximum 

Maximum  visibility 


Figure  7.  Maximum  visibility  direction  in  front  view  and  side  view. 


Conclusion 


In  this  paper,  EGI  is  used  for  determining  the  maximum  visibility  direction  of 
the  jewel  ring  model.  However,  EGI  of  STL  model  is  used  instead  of  EGI  of  smooth 
surface  model  or  EGI  of  polygonal  approximated  model.  If  EGI  of  smooth  surface 
model  is  used,  an  infinite  number  of  normal  needs  to  be  computed.  Alternatively, 
sampling  may  be  needed  for  choosing  characteristic  points.  If  EGI  of  polygonal 
approximated  model  is  used  instead  of  EGI  of  facetted  model,  the  data  storage  and 
computational  time  will  increase  as  there  are  three  vertices  in  a  STL  file  facet  but 
more  than  three  vertices  in  a  polygon. 

In  the  case  study,  the  maximum  visibility  building  orientation  is  applied.  If 
there  is  no  systematic  methodology  for  proper  orienting  the  jewel  ring  model,  the 
model  will  be  built  vertically  (Figure  7)  by  experienced  operator  and  the  resulting 
quality  may  not  be  the  best.  Jewel  ring  model  built  has  largest  visible  area.  In  fact, 
the  method  has  potential  to  be  applied  to  industry  other  than  jewellery.  This  can  be 
studied  further  in  the  future. 
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ABSTRACT 

Solid  freeform  fabrication  (SFF)  is  an  automated  manufacturing  process  that  builds  three- 
dimensional  complex-shaped  structures  layer-by-layer  directly  from  CAD  data  without  part- 
specific  tooling  and  human  intervention.  In  many  cases  multiple  materials  are  involved  in 
fabricating  one  component  using  SFF  approaches.  Porcelain-fused-to-metal  (PFM)  restoration 
for  permanent  fixed  prosthodontics  is  an  example  of  this  kind.  In  this  study  3-dimensional  finite 
element  modeling  has  been  carried  out  to  investigate  the  temperature  and  stress  field  in 
processing  of  multiple  material  components  using  a  moving  laser  beam.  Effects  of  fabrication 
sequences,  laser  scanning  patterns  and  scanning  rates  on  residual  stresses  have  been  investigated. 
Implications  of  these  results  on  laser  fabrication  of  multiple  materials  have  been  discussed. 

Keywords:  Solid  freeform  fabrication.  Dental  restoration.  Laser  processing.  Finite  element 
modeling.  Thermal  and  stress  analyses. 

INTRODUCTION 

Solid  freeform  fabrication  (SFF)  is  an  emerging  manufacturing  technology  that  creates  3- 
dimensional  components  directly  from  a  CAD  design  without  part-specific  tooling  and  human 
intervention  [1].  The  development  in  SFF  has  offered  opportunities  to  make  the  dental 
restoration  using  a  SFF  process  with  laser-assisted  densification  of  multiple  materials,  or  in 
short,  multi-material  laser  densification  (MMLD)  [2].  In  this  process,  dental  restorations  are  built 
driectly  from  3-D  computer  solid  models  through  two  steps.  First,  dental  ceramic  and  metallic 
powders  are  delivered  through  slurry  approaches  point-by-point  to  the  desired  location.  Second, 
once  a  layer  (or  a  layer  segment)  is  delivered,  the  layer  is  densified  using  a  laser  beam  scanning 
in  the  desired  pattern  and  with  adjusted  input  power  density  depending  on  which  powder 
material  is  under  densification.  After  densification,  a  new  layer  of  powders  will  be  deposited  as 
described  in  the  first  step,  which  will  then  be  followed  again  by  the  second  step.  This  layer-by- 
layer  fabrication  process  continues  until  dental  restoration  is  completed.  The  automation  of  the 
MMLD  process  offers  opportunities  to  reduce  the  labor  cost  and  increase  the  dental  restoration 
rate. 

For  a  specific  restoration,  many  experiments  are  needed  to  optimize  the  fabrication 
process  so  that  the  maximum  strength,  minimum  residual  stress  and  distortion  can  be  achieved. 
Such  an  experimental  trial-and-error  approach  will  inevitably  lead  to  a  high  cost  of  the  dental 
restoration  through  the  MMLD  process.  Instead  of  using  experimental  trial-and-error  approaches, 
this  study  uses  finite  element  modeling  (FEM)  to  investigate  the  effect  of  various  processing 
parameters  and  to  provide  guidance  for  intelligent  selection  of  various  parameters  in  the  MMLD 
process. 
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Finite  element  models  were  developed  before  to  optimize  several  SFF  processes  for 
minimal  residual  thermal  stresses  and  distortion  in  the  final  component  fabricated.  These  efforts 
[3-11]  provide  substantial  insights  into  how  thermal  gradients,  thermal  transient  stresses  and 
residual  stresses  in  the  fabrication  of  complex-shaped  components  using  SFF  processes. 
However,  most  of  these  models  are  limited  to  ID  or  2D  cases  [3-9]  and  all  of  them  only  deal 
with  processing  of  single  material  [3-1 1].  In  contrast,  the  present  study  provides  3-dimensional 
analyses  of  laser  processing  of  components  made  of  multiple  materials.  Furthermore,  although 
the  principal  motivation  for  this  work  is  to  provide  guidance  for  minimizing  residual  thermal 
stresses  and  distortion  in  the  component  fabricated  via  the  MMLD  process,  the  understanding 
developed  in  this  work  is  expected  to  be  applicable  to  other  SFF  processes  that  are  involved  with 
multiple  materials.  The  result  of  this  study  may  also  be  applied  to  conventional  fabrication 
processes  that  are  involved  with  heating  of  multi-material  components  using  a  moving  laser 
source. 


MODEL  DESCRIPTION 

To  develop  fundamental  understanding  on  how  temperature  and  stress  gradients  develop 
during  laser  processing  of  multiple  materials  and  to  evaluate  the  dependency  of  the  thermal  and 
stress  fields  on  various  laser  processing  parameters  and  material  properties,  bi-material  laser 
processing  with  simple  geometry  has  been  investigated  in  this  study.  All  of  the  models 
investigated  have  the  same  geometry.  One  of  the  models  investigated  is  shown  in  Figure  1 . 


Figure  1.  Schematic  of  fabrication  sequence  I.  The  dental  alloy  section  (in  dark  color)  is  first  fabricated  in  (a)  and 
(b)  steps,  whereas  the  porcelain  section  (in  gray  color)  is  fabricated  in  (c)  and  (d)  steps. 

The  model  consists  of  a  dental  porcelain  section  (shown  in  gray  color)  and  a  dental  nickel 
alloy  section  (shown  in  dark  color).  The  final  size  of  the  part  is  20x20x4  mm  and  the  size  of 
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every  element  in  the  mesh  is  2x2x2  mm.  The  part  is  huilt  layer-by-layer  with  two  different  laser 
fabrication  sequences.  Fabrication  sequence  I  fabricates  3-dimensional  bi-material  bodies  via 
buildup  of  the  dental  alloy  section  first,  followed  by  buildup  of  the  dental  porcelain  section,  as 
shown  in  Figure  1.  In  contrast,  fabrication  sequence  II  entails  fabrication  of  a  3-dimensional  bi¬ 
material  body  through  buildup  of  the  bi-material  layer-by-layer,  as  shown  in  Figure  2.  For  both 
fabrication  sequences,  all  the  elements  in  one  layer  are  added  simultaneously  as  the  first  layer,  or 
onto  the  previous  layer,  or  adjacent  to  the  neighboring  section  built  in  the  previous  step 
depending  on  which  step  it  is  in  the  fabrication  sequence.  These  elements  are  then  subjected  to 
laser  processing  (i.e.,  laser  melting  and  solidification).  After  laser  processing,  a  new  layer  of 
elements  is  added,  which  is  then  followed  by  laser  processing.  This  element-adding  and  laser¬ 
processing  procedure  is  to  mimic  the  MMLD  process  described  in  the  Introduction  section. 


Figure  2.  Schematic  of  fabrication  sequence  IL  The  first  bi-material  layer  is  fabricated  in  step  (a),  and  the  second  bi¬ 
material  layer  is  built  in  step  (b). 

For  each  fabrication  sequence,  two  laser  scanning  patterns  and  two  scanning  rates  have 
been  investigated.  The  two  scanning  patterns  for  each  fabrication  sequence  are  shown  in  Figure 
3.  Note  that  scanning  pattern  A  has  its  major  scanning  direction  (i.e.  the  long  scanning  direction) 
parallel  to  the  interface  of  the  bi-material,  whereas  scanning  pattern  B  has  its  major  scanning 
direction  perpendicular  to  the  interface  of  the  bi-material.  The  two  scanning  rates  investigated 
are  10  and  100  pm/s.  The  combination  of  two  fabrication  sequences,  two  scanning  patterns  and 
two  scanning  rates  results  in  a  total  of  eight  laser  fabrication  conditions  all  of  which  have  been 
investigated  and  are  complied  in  Table  1. 

In  simulation  the  dental  nickel  alloy  is  assumed  to  be  pure  nickel,  while  the  dental 
porcelain  is  composed  of  63.40%  Si02,  16.70%  AI2O3,  1.50%  CaO,  0.80%  MgO,  3.41%  Na20, 
and  14.19%  K2O  (wt%).  The  nickel  has  plastic  deformation  capacities  and  simulated  using  the 
bilinear  kinematic  hardening  behavior.  Furthermore,  this  bilinear  kinematic  hardening  behavior 
is  a  function  of  temperature.  The  porcelain  is  assumed  to  be  an  elastic  material  below  its  melting 
point  (1373K)  and  no  fracture  is  considered.  Above  the  melting  temperature  the  behaviors  of 
both  the  nickel  and  porcelain  are  approximated  using  plasticity  with  extremely  low  elastic 
moduli,  tangent  moduli  and  yield  strengths.  Such  approximation  maintains  the  fluidity  of  the 
molten  nickel  and  porcelain  although  time-dependent  properties  (e.g.,  creep  and  viscous  flow) 
are  ignored.  The  numerical  simulation  is  carried  out  using  the  ANSYS  code  [12].  The  simulation 
approach,  which  has  been  crosschecked  with  analytical  solutions  for  relatively  simple  geometry 
[13],  has  been  used  in  this  study.  Every  element  in  the  model  is  assumed  to  be  initially  solid.  The 
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latent  heat  of  fusion  is  not  eonsidered  in  the  model,  nor  is  the  volume  change  associated  with 
melting  and  solidification.  The  latent  heat  of  fusion  and  the  volume  change,  especially  those 
associated  with  powder  densification,  are  expected  to  have  influence  on  the  transient  and  residual 
stresses  and  will  be  investigated  in  future  studies.  The  model  does  not  include  the  convection  of 
liquid  in  the  molten  pool.  This  approximation  is  quite  reasonable  because  the  present  simulation 
shows  that  the  size  of  the  molten  pool  generated  under  the  assumed  processing  condition  is 
similar  to  the  size  of  the  laser  beam  (~  2  mm)  and  thus  liquid  convection  if  any  will  be  very 
limited  in  such  a  small  liquid  pool. 


Figure  3.  The  two  laser  scanning  patterns:  (a)  scanning  pattern  A  and  (b)  scanning  pattern  B. 


Table  1.  Laser  Densification  Conditions  Modeled 


Model  ID 

Model  1 

Model  2 

Model  3 

Model  4 

Model  5 

Model  6 

Model  7 

Model  8 

Densification  Sequence 

I 

I 

I 

I 

II 

II 

II 

II 

Scanning  Pattern 

A 

A 

B 

B 

A 

A 

B 

B 

Scanning  Rate  (tim/s) 

10 

100 

10 

100 

10 

100 

10 

100 

The  boundary  conditions  for  modeling  are  set  as  follows.  The  part  being  built  is  assumed 
to  be  in  contact  with  air  and  the  heat  loss  through  air  is  approximated  through  the  inclusion  of  a 
convection  heat  transfer  coefficient  (6x10'^  w/mm^K)  between  the  part  and  the  ambient  air.  The 
ambient  air  is  assumed  to  be  300K  and  the  temperature  dependence  of  the  convection  heat 
transfer  coefficient  is  neglected.  The  laser  beam  heating  is  modeled  as  a  fixed  temperature  and 
moves  from  a  group  of  surfaee  nodes  within  the  laser  beam  size  of  2x2  mm  to  the  next  group  of 
surface  nodes  as  defined  by  the  fabrieation  sequence,  the  scanning  pattern  and  the  scanning  rate. 
Such  a  heating  condition  mimics  the  temperature  close-loop  control  used  in  the  MMLD  process 
[2].  The  input  temperature  is  set  at  1740K  when  the  laser  beam  scans  in  the  nickel  section  and 
1380K  in  the  porcelain  section  and  at  the  bi-material  interface.  To  avoid  rotation  and  translation 
of  the  part  during  simulation,  the  node  at  one  of  the  bottom  comers  of  the  part  is  fixed  in  the  x,  y 
and  z  directions.  Furthermore,  the  node  next  to  the  fixed  node  and  located  at  the  x-axis  is  fixed  in 
the  y  and  z  directions,  while  the  node  next  to  the  fixed  node  and  located  at  the  z-axis  is  fixed  in 
the  X  and  y  directions.  Fixing  only  one  comer  allows  the  part  to  respond  to  thermal  transient  and 
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residual  stresses  with  minimum  interference  from  the  boundary  condition,  and  thus  stress  and 
distortion  analyses  can  be  carried  out  with  reasonable  accuracy. 

SIMULATION  RESULTS  AND  DISCUSSION 

Effects  of  Laser  Scanning  Patterns:  The  simulation  results  of  Models  1  to  8  are 
summarized  in  Table  2  from  which  the  effect  of  the  scanning  pattern  can  be  found.  For  example, 
comparisons  can  be  made  among  models  with  fabrication  sequence  I  (Models  1  to  4).  By 
comparing  Models  1  (pattern  A,  10  fxm/s)  with  3  (pattern  B,  10  |xm/s)  and  2  (pattern  A,  100 
pm/s)  with  4  (pattern  B,  100  pm/s),  we  can  conclude  that  pattern  B  generates  larger  residual 
stresses  and  thus  larger  distortion  than  pattern  A.  Recall  that  pattern  A  has  the  major  laser 
scanning  direction  parallel  to  the  interface  (Figure  3a),  while  pattern  B  has  the  major  laser 
scanning  direction  perpendicular  to  the  interface  (Figure  3b).  The  multiple  heating  and  cooling 
cycles  at  the  interface  caused  by  scanning  pattern  B  have  resulted  in  large  residual  stresses  and 
thus  large  distortion  of  the  part.  In  contrast,  for  scanning  pattern  A  the  interfacial  region  is  only 
heated  once.  Furthermore,  such  heating  is  followed  by  relatively  slow  cooling  because  of  the 
subsequent  laser  processing  of  the  neighboring  porcelain  region  away  from  the  interface.  The 
slow  cooling  at  the  interfacial  region  has  resulted  in  a  small  temperature  gradient  and  thus  low 
residual  stresses  and  distortion. 


Table  2.  Summary  of  Simulation  Results 


Model 

ID 

Temperature  range  of  the  part 
when  the  laser  beam  is  scanning 
the  final  point  (K) 

Stress  range  of  the  part  after  cooling  down  to  room  temperature 

(MPa) 

X-direction 

Y-direction 

Z-direction 

1 

379-  1380 

-288  -  543 

-250-314 

-319-67 

2 

463-1380 

-310-552 

-293  -  353 

-346-  109 

565  -  1380 

-336  -  548 

-325  -377 

-486  -  95 

494-  1380 

-350  -  563 

-338  -  385 

-460-  112 

5 

379-  1380 

-447  -  579 

-453-455 

-431  -  152 

6 

464-  1380 

-439-614 

-407-460 

-425  -  184 

7 

927-  1740 

i  -441  -  593 

-513-467 

-480  -  236 

Effects  of  Laser  Scanning  Rates:  Effects  of  laser  scarming  rates  can  also  be  found  in 
Table  2.  For  example,  a  comparison  can  be  made  between  Models  1  and  2.  Model  1  has  a  laser 
scanning  rate  of  10  pm/s,  whereas  Model  2  is  100  pm/s.  Both  of  these  models  have  the  same 
scanning  pattern  (i.e.,  pattern  A).  The  comparison  indicates  that  both  residual  tensile  and 
compressive  stresses  increase  with  scanning  rate.  More  specifically,  depending  on  which  stress  is 
concerned,  the  maximum  tensile  stress  has  risen  by  2  to  62%  and  the  maximum  compressive 
stress  has  increased  by  8  to  17%  when  the  scanning  rate  increases  from  10  to  100  pm/s. 
Corresponding  to  the  increase  in  residual  stresses,  the  distortion  of  the  part  has  also  increased  by 
about  10%.  However,  when  the  comparison  is  made  between  Models  3  and  4  that  have  scanning 
pattern  B,  the  result  becomes  more  complex.  Although  the  maximum  residual  tensile  stress  also 
increases  with  scanning  rate  (2  to  18%  increase  in  the  stress  for  a  10-times  increase  in  the 
scanning  rate),  the  maximum  compressive  stress  may  increase  or  decrease  depending  on  which 
stress  component  is  concerned  (see  Table  2).  Such  a  complicated  situation  is  also  found  in  the 
comparisons  between  Models  5  and  6  and  between  Models  7  and  8.  Thus,  whether  residual 
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stresses  increase  or  decrease  with  increasing  scanning  rate  depends  on  the  scanning  pattern  and 
the  stress  component  under  consideration.  No  general  rule  can  be  made. 

A  close  examination  of  Table  2  further  reveals  that  the  dependence  of  residual  thermal 
stresses  on  scanning  rates  is  also  affected  by  the  fabrication  sequence.  As  will  be  discussed  in  the 
next  section,  the  fabrication  sequence  II  is  not  an  acceptable  fabrication  sequence.  Thus,  as  far  as 
the  fabrication  sequence  I  is  concerned,  the  x-stress,  which  is  dominated  by  the  CTE  mismatch 
between  the  dental  alloy  and  porcelain,  always  increases  with  scanning  rate.  This  is  related  to  the 
phenomenon  that  there  is  less  time  for  the  interface  porcelain  to  expose  to  high  temperatures 
when  the  scanning  rate  is  high.  As  a  result,  the  interface  porcelain  has  shorter  time  in  the  molten 
state  and  thus  less  compressive  permanent  deformation.  Such  a  smaller  permanent  compressive 
deformation  of  the  porcelain  in  the  molten  state  leads  to  a  higher  residual  compressive  x-stress  in 
the  porcelain  and  a  higher  tensile  x-stress  in  the  nickel  because  the  nickel  has  a  larger  CTE  and  is 
constrained  by  the  porcelain  that  has  a  less  compressive  deformation  in  its  molten  state.  The 
same  reasoning  can  be  applied  to  the  residual  y-stress  because  the  y-stress  is  also  predominately 
controlled  by  the  thermal  mismatch  between  the  dental  alloy  and  porcelain. 

Effects  of  Fabrication  Sequences:  The  fabrication  sequence  has  the  largest  effect  on 
residual  stresses  and  distortion  among  all  the  parameters  we  have  evaluated.  It  also  has 
substantial  impacts  on  the  transient  stresses  and  temperature.  It  is  noted  from  Table  2  that  for 
fabrication  sequence  II  with  scanning  pattern  A  (i.e..  Models  5  and  6),  the  final  temperature 
range  of  the  part  before  it  cools  down  to  room  temperature  is  close  to  that  for  fabrication 
sequence  I  with  scanning  pattern  A  (Models  1  and  2).  However,  if  the  transient  temperature  is 
examined  (not  shown  in  Table  2),  it  immediately  becomes  obvious  that  fabrication  sequence  II  is 
not  acceptable  for  fabricating  a  part  with  controlled  shape  and  dimensions. 
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Figure  4.  The  temperature  distribution  along  the  nodal  points  with  y  =  4  and  0  ^  z  ^  20  at  the  y-z  plane  with  x  =  10 
for  Model  5  (i.e.,  fabrication  sequence  II,  scanning  pattern  A  and  scanning  rate  10  pm/s)  when  the  laser  beam  is 
scanning  the  nickel  alloy  section.  The  hatched  area  indicates  the  location  of  the  laser  beam. 

The  point  made  above  can  be  well  illustrated  using  Figure  4  that  shows  the  temperature 
distribution  along  the  nodal  points  with  y  =  4  and  0  £  z  s  20  at  the  y-z  plane  with  x  =  10  for  an 
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intermediate  step  of  fabrication  sequence  II  with  scanning  pattern  A  and  a  scanning  rate  of  10 
pm/s  (Model  5).  It  can  be  seen  that  the  porcelain  near  the  interface  has  temperatures  higher  than 
its  melting  point  even  though  the  laser  beam  is  scanning  at  the  neighboring  nickel  section  before 
it  reaches  the  porcelain  section.  Clearly,  this  is  due  to  the  high  thermal  conductivity  of  the  dental 
nickel  alloy  and  the  high  fabrication  temperature  (slightly  higher  than  the  melting  point  of  the 
dental  nickel  alloy)  used  to  process  the  nickel  section.  This  result  suggests  that  if  fabrication 
sequence  II  is  used  for  dental  restoration,  the  shape  and  dimension  of  the  porcelain  section  would 
be  very  difficult  to  control  because  the  porcelain  section  have  become  liquid  and  led  to 
substantial  distortion  of  the  shape  even  before  the  laser  beam  reaches  the  porcelain  section. 
Models  7  and  8  suffer  from  the  same  problems  as  Models  5  and  6.  Thus,  when  the  melting  points 
of  the  two  materials  are  substantially  different,  fabrication  sequence  II  is  not  an  acceptable 
fabrication  sequence. 


CONCLUDING  REMARKS 

Processing  of  bi-material  parts  via  a  moving  laser  beam  has  been  investigated  using  finite 
element  modeling  in  this  study.  The  effects  of  various  processing  parameters,  including  the 
fabrication  sequence,  laser  scanning  pattern  and  scanning  rate,  on  the  transient  temperature, 
transient  stresses,  residual  stresses  and  distortion  of  the  part  have  been  evaluated.  Based  on  these 
investigations,  the  following  conclusions  can  be  offered. 

1)  Fabrication  sequence  I,  which  fabricates  the  section  of  the  high  melting  temperature  material 
(e.g.,  the  dental  nickel  alloy)  first  and  then  the  section  of  the  low  melting  temperature 
material  (e.g.,  the  dental  porcelain),  is  the  appropriate  sequence  to  fabricate  the  part  made  of 
two  materials  with  the  substantially  different  melting  points.  Fabrication  sequence  II,  which 
fabricates  the  entire  bi-material  layer  one  after  another,  offers  little  control  over  the  shape 
and  dimension  of  the  section  of  the  low  melting  temperature  material,  and  thus  is  not  an 
acceptable  fabrication  sequence. 

2)  The  transient  thermal  stresses  generated  using  fabrication  sequence  I  are  relatively  small  and 
will  not  impose  threats  to  the  mechanical  integrity  of  the  part  being  fabricated  (i.e.,  cracking 
in  the  dental  porcelain  section). 

3)  Thermal  residual  stresses  are  large  in  the  direction  along  which  shrinkage  is  strongly  affected 
by  the  CTE  mismatch  between  the  two  materials,  and  small  in  the  direction  along  which 
shrinkage  can  take  place  with  little  influence  from  the  CTE  mismatch. 

4)  In  general,  using  the  fabrication  sequence  I  the  thermal  residual  stress  and  distortion  increase 
with  the  laser  scanning  rate  because  the  faster  the  scanning  rate,  the  less  permanent 
compressive  deformation  occurs  to  the  molten  porcelain.  As  a  result  of  the  less  compressive 
deformation  of  the  porcelain  in  its  molten  state,  higher  residual  thermal  compressive  stresses 
appear  in  the  interface  porcelain  and  higher  residual  tensile  stresses  occur  in  the  interface 
nickel. 

5)  Scanning  pattern  A  with  the  major  scanning  direction  parallel  to  the  interface  of  the  bi¬ 
material  generates  lower  residual  thermal  stresses  than  scanning  pattern  B  that  has  its  major 
scanning  direction  perpendicular  to  the  interface. 

6)  Effects  of  the  fabrication  sequence,  laser  scanning  pattern  and  scanning  rate  are  interrelated. 
The  optimal  combination  of  these  parameters  for  fabricating  bi-material  parts  with  minimum 
residual  stresses  and  distortion  is  fabrication  sequence  I,  scanning  pattern  A  and  fast  scanning 
rate. 
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Abstract 

The  research  for  the  Cybernetic  Physical  project  at  UT  Austin  has  the  goal  of 
producing  instrumented  prototypes,  using  selective  laser  sintering  (SLS)  that  can  be  used 
in  concert  with  similarity  methods  to  update  virtual  models.  The  SLS  process  builds 
prototypes  sintering  powder  in  a  2-D  cross-section,  layer  by  layer,  with  a  CO2  laser. 
Accomplishing  this  goal  could  significantly  reduce  cycle  times  and  costs  associated  with 
traditional  prototyping  methods.  Strain  gages  and  thermocouples  are  chosen  as  the  first 
sensors  to  be  embedded.  Experiments  have  been  carried  out  to  determine  the  feasibility 
of  embedding  sensors  both  after  the  manufacturing  process  as  well  as  during  the  SLS 
process.  These  experiments  have  yielded  data  that  will  serve  as  a  set  of  design 
requirements  for  the  embedding  process.  The  results  from  the  post-embedded  prototypes 
closely  matched  the  theoretical  results  in  one  case.  Hence  a  design  of  experiments  will  be 
carried  out  to  study  the  effects  of  various  factors  on  these  sensors.  Embedding 
thermocouples  during  an  SLS  build  cycle  uncovered  issues  that  must  be  addressed  in  the 
design  process,  such  as  keeping  the  sensor  and  lead  wires  flat  on  the  cross-section  and 
managing  the  extra  lead  wires.  A  1-D  heat  source,  pin  fin  model  was  used  to  accurately 
predict  the  temperature  reading  of  fee  thermo  couple  in  the  sample.  The  error  was 
approximately  3.3%. 


Introduction 

The  objective  of  this  research  is  to  manufacture  instrumented  prototypes  in  order 
to  integrate  rapid  prototyping  technology  with  virtual  prototyping,  so  as  to  improve 
engineering  design.  Currently  functional  tests  are  performed  on  prototypes  instead  of  full- 
scale  models  in  very  limited  problem  domains.  Traditionally  production  prototypes  are 
produced  from  the  virtual  designs.  Results  from  the  prototyping  tests  are  used  to  modify 
the  design  parameters  to  achieve  optimum  design  and  thus  higher  quality.  Iterations  have 
to  be  carried  out  till  all  the  functional  requirements  are  satisfied  and  then  the  final  product 
is  manufactured.  But  with  the  help  of  instrumented  prototyping  it  will  be  possible  to 
measme  the  states  at  the  interior  and  also  on  the  surface  of  a  prototype,  which  is  often 
necessary.  To  achieve  this  objective  of  manufacturing  instrumented  prototypes  two 
approaches  could  be  taken  - 

1)  In-situ  manufacturing  of  sensors 

2)  Embedding  off  the  shelf  sensors  in  prototypes  manufactured  by  selective  laser 
sintering  technique. 

As  a  first  step  towards  instrumented  prototyping  it  was  decided  to  adapt  the  second 
approach  of  embedding  off  the  shelf  sensors. 

The  sensors  could  be  embedded  in  two  ways  a)  Mono- layer  access  b)  multi-layer  access. 
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Monolayer  access  means  that  the  sensor  thickness  is  same  or  less  than  that  of  a  layer 
thickness,  which  is  about  O.OOSin.  To  comply  with  the  monolayer  approach  it  was 
decided  to  choose  strain  gages  (hk  1  mil)  and  thermocouples  as  the  candidates  for 
embedding. 

Further  the  sensors  can  be  embedded  in  two  ways,  either  post  embedding  them  i.e. 
placing  the  sensor  at  the  desired  location  after  the  prototype  has  been  manufactured  using 
SLS  process  or  in  process  embedding,  which  means  placing  the  sensors  while  the 
prototype  is  being  manufactured  on  the  SLS  machine. 

We  hypothesized  that  it  is  possible  to  embed  sensors  in  either  manner  but  that 
conducting  tests  would  help  uncover  the  difficulties  involved  in  doing  so.  Before  going 
into  the  details  of  the  tests,  let  us  briefly  review  the  basics  of  selective  laser  sintering. 
Figure  l-  is  a  schematic  of  the  SLS  process  in  action.  A  computer  controls  the  scanning 
mirrors  that  trace  a  2-D  cross-section  of  a  3-D  solid  model  onto  the  surface  of  the  powder 
bed.  The  part  and  powder  pistons  are  sequentially  lowered  and  raised  respectively  for 


each  new  layer. 


Figure  1 .  A  schematic  of  the  SLS  Process 


Post  Embedding  Concepts 

As  a  first  step  it  is  decided  to  pursue  the  post  embedding  concept  approach  to 
learn  the  obstacles  that  might  arise  in  the  embedding  process.  This  approach  consists  of 
post  embedding  strain  gage  in  prototypes  using  various  concepts.  The  prototype  chosen 
is  a  simple  cantilever  beam  since  it  is  a  simple  to  verify  the  results  obtained. 
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Concept  1 


A  cantilever  beam  having  dimension  5”  x  0.8”  x  0.5”  is  manufactured  with  a 
cavity  for  the  sensor,  using  SLS  process.  Strain  is  measured  at  3  in  from  the  load  and  at  a 
distance  of  0.05”  from  the  neutral  axis.  So  the  cavity  for  a  strain  gage  is  located  at  the 
desired  location.  After  the  part  is  manufactured  strain  gage  (EA  -06-125TA-120)  is 
mounted  on  the  cantilever  beam  at  that  particular  location  using  standard  strain  gage 
mounting  techniques.  Now  in  order  to  fill  the  cavity  a  small  rectangular  piece  that 
corresponds  to  the  size  of  the  cavity  is  bonded  in  to  the  cavity  using  an  epoxy.  Thus  the 
first  instrumented  prototype  is  manufactured.  To  test  the  performance  of  the  sensor  the 
cantilever  was  loaded  with  known  loads  and  the  output  from  the  strain  gage  is  recorded 
using  a  Wheatstone’s  bridge  network. 

Concept  2 

A  cantilever  beam  having  dimension  5”  x  0.8”  x  0.5”  is  manufactured  with  a 
cavity  of  0.5”  x0.5”x  0.15”.  A  sensor  is  mounted  in  a  mold  the  size  of  which  corresponds 
to  the  size  of  the  cavity  made  in  the  cantilever.  The  mold  with  the  sensor  is  then  snapped 
into  the  cavity  and  the  opening  is  shut  of  with  an  epoxy.  Again  the  strain  gage  is  at  a 
distance  of  0.05”  from  the  neutral  axis.  Thus  we  have  an  instrumented  cantilever  beam 

CTc  ~  M  c  /I 
I=b  (f/12 


Where  , 

CJc  ~  stress  at  the  particular  location  (MPa) 

M  =  bending  moment  due  to  the  applied  load  (N-mm) 
c=  distance  from  the  neutral  axis  of  the  beam  (mm) 

I  =  moment  of  inertia  (mm"^ 
b=  breadth  of  the  beam  (mm) 
d=  depth  of  the  beam  (mm) 

Theoretical  results: 


LoadN 

Distance  from  NA  c 

mm 

Strain 

5 

1.27 

8.71877E-05 

Experimental  results: 


LoadN 

Distance  from  NA  c 

mm 

Strain 

5 

1.27 

7E-5 
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The  result  of  one  of  the  instrumented  prototype  matched  closely  with  the  theoretical 
results.  In  the  second  case  the  strain  measured  is  way  off  from  the  theoretical  value.  This 
might  be  due  to  the  curing  of  epoxy  that  might  have  induced  stresses  on  the  gage.  Hence 
a  design  of  experiments  will  be  carried  out  to  study  the  effects  of  different  factors  on  the 
perfonuance  of  the  sensor.  Also  the  initial  experiments  revealed  the  design  requirements 
of  the  system.  Based  on  these  design  requirements,  important  functions  were  realized  and 
a  function  structure  is  developed.  Fig  2  shows  a  preliminary  function  structure. 


Function  Structure  for  sensor  embedding 


Unsintered 


Fig  2.  Function  Structure 
In  Process  Embedment 

The  Laboratory  for  Solid  freeform  Fabrication  at  the  University  of  Texas  at 
Austin  has  taken  the  first  steps  toward  embedding  sensors  in  SLS  parts  during  the  build 
process.  Mono- layer  access  describes  the  case  where  the  sensor  to  be  embedded  is  small 
enough  to  fit  within  a  single  layer  of  and  SLS  part.  The  SFF  lab  at  UT  Austin  is  pursuing 
a  process  that  will  result  in  instrumented  prototypes  using  mono-layer  sensors. 
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Determining  whether  or  not  embedding  monolayer  sensors  during  the  build  cycle  is 
feasible  is  the  first  challenge  in  developing  this  process. 

Experiment  and  Results 


There  were  two  possibilities  for  placing  the  sensors  such  that  they  would  be 
completely  embedded  wihin  the  finished  part.  The  first  attempts  involved  placing  the 
sensor  on  top  a  layer  that  was  just  sintered  in  the  hopes  that  the  surface  would  still  be 
molten  and  the  sensor  would  stick.  The  second  proposed  method  was  placing  the  sensors 
in  a  layer  of  unsintered  powder.  Once  the  laser  scans  the  new  layer,  the  sensor  is  adhered 
to  the  part.  Both  methods  were  tested  on  the  21®*  of  June  2001  using  K  type 
thermocouples  with  0.003”  bead  diameters. 

The  experiment  was  conducted  on  a  prototype  SLS  machine  referred  to  as  “tool 
4”.  This  machine  was  used  to  develop  the  commercial  SLS  machines.  Tool  4  is  valuable 
to  the  students  in  the  SFF  lab  due  to  the  lack  of  safety  features  required  on  a  commercial 
product.  For  this  experiment,  it  was  necessary  to  open  the  process  chamber  doors  during 
the  build  cycle.  Attempting  to  place  the  thermocouples  on  the  newly  sintered  surface 
proved  futile  because  it  was  not  tacky  enough  hold  the  sensor.  Two  thermocouples  were 
lost  when  the  roller  swept  across  the  surface  and  carried  the  sensors  away.  Placing  the 
sensor  in  unsintered  powder,  using  the  laser  to  fuse  the  powder  and  sensor,  was 
successful  but  not  without  its  difficulties.  We  placed  the  thermocouples  by  hand  which 
illustrated  the  need  to  have  the  sensors  perfectly  still  while  the  laser  is  scanning.  The 
lead  wires  are  very  thin  and  hard  to  control.  This  made  flat,  accurate  placement  very 
difficult  as  well  as  creating  an  unanticipated  challenge.  Once  the  sensor  has  been 


adhered  to  the  part  the  lead  wires  seem  to  have  a  mind  of  their  own.  As  the  roller  swept 
across  the  part  bed  it  would  bend  the  wires  back  and  forth  with  each  pass.  In  one  sample 
this  even  lead  to  the  part  shifting.  Figure  3  is  a  picture  of  the  three  cylinders  with 


embedded  monolayer  thermocouples. 


Verification 


In  the  future,  instrumented  prototypes  will  be  used  to  update  virtual  and  analytical 
models  of  parts.  For  this  test,  we  used  an  analytical  model  of  a  pin  fin  to  verify  the 
results  of  the  thermocouples.  This  model  can  give  us  the  temperature  as  a  function  of 
distance  from  a  1-D  heat  source  with  natural  convection. 

T-T^  ={Ts-TJ)*e"”^ 


Where 


And 


m*  L»\ 

P  is  the  perimeter  of  the  fin,  Ac  is  the  cross-sectional  area,  and  L  is  length  of  the  fin.  The 
values  used  for  this  test  are  listed  below: 

75=89  °C 
h=5  wWK 
P=  0.040  m 
L  =  0.075  m 

The  thermocouples  were  embedded  at  a  height  of  0.043m.  The  pin  fin  model 
predicts  that,  at  this  distance,  the  pin  will  have  the  same  temperature  as  Tc.  This 
was  confirmed  by  a  reading  of  30  °C  from  the  embedded  sensor,  a  difference  of  3.3% 
from  the  predicted  value.  This  verifies  our  assertion  that  instmmented  prototypes  can  be 
used  in  conjunction  with  virtual  and  analytical  models  to  aid  in  the  design  process. 

Design  Requirements 

Conducting  the  test  described  above  was  a  complete  success  for  two  reasons.  It 
established  the  feasibility  of  monolayer  access  as  well  as  uncovering  critical  issues 
concerning  the  design  of  a  system  to  embed  sensors  during  the  SLS  build  cycle. 
Obviously,  we  want  to  accurately  position  the  sensor  for  placement.  It  is  also  important 
to  have  the  sensor  and  lead  wires  flat  within  a  single  layer.  Effective  management  of  the 
loose  lead  wires  is  also  critical  to  prevent  breakage  and  part  shifting.  These  requirements 
and  others  such  as  operating  temperatures  and  volume  limitations  will  drive  the  design  of 
an  effective  sensor  placement  system. 


700  =  31  °C 
k  =  0.025  W/mK 
Ac  =  1 .267  e  -4  m^ 


343 


Design  of  the  Process 


The  students  in  the  SFF  lab  at  UT  are  using  design  techniques  developed  by  Drs. 
Kevin  Otto  &  Kristin  Wood.  The  basic  idea  behind  this  design  process  is  to  develop  a 
detailed  set  of  customer  needs  that  must  be  satisfied.  Functional  modeling,  concept 
generation,  and  concept  selection  techniques  are  used  to  develop  possible  solutions  but 
the  determining  factor  is  how  well  the  solutions  satisfy  the  customer  needs. 

Functional  Modeling 

These  design  requirements  are  the  foundation  of  a  set  of  “customer  needs”  that 
must  be  further  developed  by  this  research  team.  Functional  modeling  will  translate  these 
needs  into  a  set  of  functions  and  sub-functions  and  organized  into  a  function  structure.  A 
function  structure  serves  as  a  road  map  for  generating  conceptual  solutions  for  the 
various  functions.  Each  function  has  many  possible  embodiments  that  could  be 
overlooked  if  we  try  to  solve  the  larger  problem  all  at  once.  Currently,  we  have  identified 
the  primary  or  global  functions  for  our  system  but  these  must  be  broken  down  into 
individual  functions.  These  primary  functions  are: 

Import/export  sensor 

Move  sensor 

Position  sensor 

Manage  lead  wires 

Positioning  the  sensor  refers  to  the  accurate  placement  of  the  sensor.  Managing  the  lead 
wires  is  necessary  to  prevent  shifting  of  parts  as  well  as  ensuring  the  wires  do  not 
compromise  the  structure  of  the  part.  We  will  form  a  detailed  function  structure  using 
these  global  functions  and  the  design  requirements  as  guidelines. 

Future  work 

There  are  two  approaches  for  embedding  sensor  in  the  prototypes-a)  Monolayer 
access  and  b)  multi-layer  access.  Future  work  will  deal  with  the  design  of  processes  to 
embed  sensors  using  the  above-mentioned  approaches  with  a  focus  on  monolayer 
embedding  approach. 

It  is  proposed  to  develop  a  more  refined  function  structure  that  will  more  closely 
represent  the  design  intent  and  will  cover  all  the  functions  of  the  process  in  more  detailed 
manner.  To  develop  a  detailed  function  structure  it  would  be  required  to  realize  the 
functions  and  sub-functions  that  would  be  necessary  to  fulfill  the  desired  process  of 
embedding.  Once  a  detailed  function  structure  has  been  developed  concept  solutions  will 
be  discussed  for  each  of  the  function  using  structured  methods  like  brainstorming  and  6 
3-5-sketch  method.  Instrumented  prototypes  will  be  manufactured  based  on  these  concept 
solutions  on  the  SLS  2000  machine.  Finally  we  envisage  an  automated  system  to  be 
incorporated  in  the  machine,  that  will  carry  and  place  the  sensor  at  the  desired  location. 
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Abstract 

Inaccuracies  in  the  selective  laser  sintering  (SLS)  process  using  polymer  materials  are  typically 
caused  by  inhomogeneous  shrinkage  due  to  inhomogeneous  temperature  distribution  in  the 
powder  bed  of  the  SLS  machine.  These  shrinking  effects  lead  to  stress  in  the  sintered  parts, 
causing  the  part  to  distort.  The  inhomogeneous  shrinkage  of  benchmark  parts  has  been 
compensated  empirically  in  a  former  work.  The  results  cannot  been  transferred  to  all  geometries, 
because  each  geometry  requires  a  specific  temperature  for  laser  sintering  and,  thus,  has  its  own 
related  shrinkage  distribution.  In  a  new  theoretical  approach,  shrinkage  behavior  is  to  be 
integrated  in  a  thermal  simulation  of  the  SLS  process  and  the  thermal  shrinkage  calculated  prior 
to  the  building  process.  In  the  following,  experimental  data  of  the  temperature-  and  pressure- 
dependent  shrinkage  of  laser-sintered  powder  samples  is  presented.  Possible  theories  for  a 
physical  model  of  thermal  shrinkage  are  discussed.  In  particular,  these  models  have  to  consider 
granular  characteristics  such  as  internal  friction,  particle  sliding,  and  powder  compaction. 


Introduction 

Today  rapid  prototyping,  rapid  tooling  and  rapid  manufacturing  processes  are  coimted  as 
established  means  of  accelerating  the  product  development  cycle  in  the  automobile  and 
aeronautics  industries.  Thus  we  see  more  and  more  prototype  parts,  which  in  the  past  were 
traditionally  produced  using  high-cost,  time-consuming  milling  and  joining  techniques,  being 
replaced  by  investment  cast  parts.  And  the  master  forms  deployed  in  investment  casting  are  now 
typically  plastic  forms  produced  by  means  of  selective  laser  sintering  (SLS).  In  addition  SLS 
processes  are  used  to  generate  plastic  functional  prototypes  for  both  the  automobile  and 
aeronautics  industries.  Yet  the  above  applications  alone  are  not  what  makes  SLS  techniques  so 
interesting  for  industry:  the  growing  demand  for  customized  automotive  products  and  the 
resulting  small  lots  needed  for  low-volume  production  has  caused  a  commensurate  demand  for 
the  fabrication  of  volume-produced  parts  using  generative  processes.  As  a  key  manufacturer  of 
premium  cars,  DaimlerChrysler  is  driving  research  in  these  direct-to-product  technologies  to 
accelerate  product  development  and  reduce  costs.  Thus,  an  essential  part  of  our  work  focuses  on 
the  very  strict  requirements  for  accuracy  in  the  SLS  process  to  achieve  the  desired  high  quality  of 
the  parts  produced. 
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Typically  inaccuracies  in  the  selective  laser  sintering  process  using  polymer  materials  occur  due 
to  inhomogeneous  shrinkage  during  the  building  and  cooling  processes,  which  causes  stresses 
and  results  in  distortion  of  the  laser-sintered  part.  Temperature  measurements  [1]  performed 
within  an  SLS  machine  showed  a  strong  temperature  gradient  in  the  x-y  plane  of  a  layer,  thus 
making  the  shrinkage  of  a  geometry  dependent  on  its  x  and  y  positions  in  the  build  room.  Yet 
part  shrinkage  does  not  only  depend  on  the  temperature  at  which  the  part  is  subjected  to  laser 
sintering,  it  is  also  impacted  by  cooling,  i.e.  the  length  of  time  the  powder  bed  retains  heat,  and 
by  the  thickness  of  the  powder  layer  (causing  pressure  on  the  part).  Experiments  previously 
performed  on  sample  geometries  consisting  of  hollow  rectangular  parallelepipeds  with 
equidistant  measuring  points  placed  at  various  x-y  locations  in  the  build  room  showed  non-linear 
shrinkage  of  the  height.  We  thus  follow  that  a  linear  scaling  of  a  geometry  is  not  sufficient.  A 
subsequent  real  geometry  scaled  non-linear  in  accordance  with  the  empirical  data  generated 
resulted  in  a  greatly  improved  accuracy  of  the  laser  sintering  process 

The  temperature  distribution  within  a  build  room  and  the  changes  in  temperature  during  the 
building  and  cooling  processes  differ  with  the  geometry  of  each  part  to  be  produced.  The  reason 
for  this  lies  in  the  variation  in  the  energy  applied  by  the  laser.  The  energy  generated  by  the  laser 
heats  the  powder  and  causes  the  sintering  effect,  finally  dispersing  into  the  powder  bed.  And  due 
to  the  very  low  thermal  conductivity  of  the  polymer  powder  deployed,  the  build  room  retains 
heat  over  a  relatively  long  period  of  time.  Moreover,  shrinkage  in  geometries  which  take  up  a 
large  part  of  the  build  area  is  very  different  from  that  occurring  in  single,  smaller  parts  since 
shrinkage  in  large  geometries  tends  to  be  retarded  owing  to  internal  stresses.  Hence,  the  related 
non-linear  scaling  function  needs  to  be  determined  separately  for  each  part  to  be  laser  sintered. 
So,  the  process  has  to  be  run  twice:  the  geometry  is  built,  shrinkage  ascertained,  the  related 
scaling  data  generated,  and  the  upscaled  geometry  compensating  shrinkage  then  built.  To  save 
build  time  and  the  related  costs,  it  would  therefore  seem  sensible  to  calculate  shrinkage  before 
laser  sintering  and  update  the  data  model,  thus  doing  away  with  the  need  to  replicate  the  building 
process. 


The  Procedure 

Experiments  performed  with  sample  geometries  have  shown  that  shrinkage  occurring  in  the  SLS 
machine  is  dependent  on  time,  temperature,  and  pressure,  i.e.  the  weight  of  the  powder  in  which 
the  part  is  embedded.  Hence,  to  be  able  to  ealculate  and  compensate  shrinkage,  we  must  first 
ascertain  the  values  of  these  three  factors.  The  basis  for  any  workable  shrinkage  compensation 
must  therefore  be  an  SLS  process  simulation  that  allows  calculation  of  thermal  distribution 
within  the  build  room  during  the  building  and  cooling  processes. 

We  laid  the  experimental  foundation  for  the  quantification  of  shrinkage  by  carrying  out 
dilatometer  measurements  as  a  function  of  time,  temperature,  and  pressure.  We  measured  the 
changes  in  height  of  laser-sintered,  cylinder-shaped  PMMA  samples  at  temperature  and  pressure 
conditions  identical  to  those  in  the  laser-sintering  equipment  over  a  period  of  time  of  10  hours. 
The  measured  curves  were  then  mathematically  set  out  as  fit  functions.  However,  transfer  of 
idealized  dilatometer  measurements  to  the  real  conditions  in  the  SLS  machine,  e.g.  under 
consideration  of  temperature-dependent  friction  between  the  part  and  the  bulk  powder,  will 
necessitate  a  more  exact  examination  of  the  granular  characteristics  of  the  material  used.  Here, 
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we  provide  a  possible  theoretical  description  of  particle  sliding  under  consideration  of 
temperature-dependent  cohesion,  friction,  and  sintering. 


Thermal  Simulation  as  a  Basis  for  Shrinkage  Compensation 

We  decided  to  compensate  shrinkage  by  means  of  an  FEM  simulation  which  replicates  the 
thermal  conditions  prevalent  within  the  build  room  during  the  building  and  cooling  processes. 
The  heat-conductivity  model  used  for  determining  heat  distribution  is  described  in  a  previously 
published  work  [2].  As  shrinkage  is  a  long-term  effect,  the  highly  dynamic  effects  of  sintering 
may  be  neglected  when  calculating  the  heat  balance.  Exposure  of  the  part  and  the  sintering 
process  itself  are  instantaneous,  i.e.  time  is  not  a  factor  in  the  transition  from  the  initial  density  of 
the  powder  bed  to  the  final  density  of  the  part.  This  simplification  allows  us  to  select  suitably 
large  values  for  both  the  distance  between  nodes  for  the  FEM  simulation  and  the  time  intervals 
for  the  FEM  calculation,  thus  greatly  minimizing  computation  time. 

Initially,  we  were  only  able  to  compute  very  simple  geometries;  yet  creating  an  STL  interface  to 
the  simulation  seemed  promising  for  calculation  of  parts  whose  geometries  are  more  complex. 
As  the  exposure  time  for  each  layer  and,  thus,  the  resulting  overall  time  needed  for  the  building 
process  are  greatly  dependent  on  the  geometry  of  the  part  to  be  sintered,  the  interface  to  STL 
allows  specification  of  the  time  each  layer  is  subjected  to  a  certain  temperature.  And  the  pressure 
to  which  each  layer  is  subjected  due  to  the  weight  of  the  bulk  powder  lying  on  top  may  easily  be 
ascertained  via  the  current  z  position  of  the  layer. 

Figure  1  depicts  isothermal  distribution  inside  the  build  room  using  the  example  of  a  hollow 
rectangular  parallelepiped.  For  reasons  of  symmetry,  only  one-fourth  of  the  build  room  need  be 
displayed  in  the  figure. 

Of  comse,  the  results  of  the  shrinkage  compensation  are  only  as  accurate  as  the  thermal 
simulation  itself,  i.e.  the  actual  temperature  conditions  in  the  build  room  must  be  simulated  as 
closely  as  possible.  For  this  reason  we  compared  the  results  of  the  simulation  with  empirical 
data.  However,  as  we  were  not  able  to  measure  the  exact  temperature  within  a  part,  the 
temperatures  within  the  powder  bed  near  a  sintered  geometry  were  compared. 


Figure  1:  Isothermal  distribution  within  the  build  room  for  a  hollow  rectangular  parallelepiped. 
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Figure  2:  Comparison  of  the  temperatures  measured  during  experiments  and  the  results 

of  the  thermal  simulation. 


Figure  2  compares  the  measured  temperatures  with  data  from  the  thermal  simulation.  In  the 
experiment,  we  inserted  PTIOO  temperature  sensors  into  holes  in  a  sinter  wall  and  measured  the 
temperature  in  the  powder  bed.  The  temperature  curve  illustrates  the  cooling  of  the  powder 
effected  by  lowering  the  build  platform.  Comparison  with  simulation  data  showed  excellent 
consistency. 


Ascertaining  Experimental  Data  for  the  Shrinkage  Model 

To  quantify  shrinkage  of  PMMA  parts  during  the  selective  laser  sintering  process,  we  performed 
dilatometer  measurements  of  the  change  in  height  of  the  samples  as  a  function  of  time, 
temperature,  and  pressure.  The  resulting  data  served  as  the  foundation  for  a  physical  shrinkage 
model. 

Samples  and  measuring  conditions:  The  samples  used  in  the  experiment  were  cylindrical  in 
shape  with  a  height  of  5mm  and  a  diameter  of  7mm.  At  isothermal  conditions,  the  height  of  the 
samples  was  measured  over  a  period  of  time  of  10  hours:  temperatures  under  Tg  (Tg  =  123°  C) 
and  over  Tg  (Tmax  =  160°  C)  were  applied.  Pressure  on  the  samples  that  would  occur  from  the 
weight  of  the  powder  in  the  SLS  machine  was  simulated  during  measuring  by  the  application  of 
various  weightloads.  A  stamp  was  used  to  ensure  that  pressure  was  distributed  equally  over  the 
entire  surface  of  the  sample.  Measurements  were  performed  at  four  different  loads  and  at  no 
fewer  than  five  different  temperatures  for  each  load  applied.  A  very  slight  bulging  of  the  samples 
was  registered  at  the  highest  temperature  and  the  greatest  pressure  but,  as  this  was  negligible,  it 
was  disregarded.  For  all  samples,  heat-up  time  was  4  K/min,  so  that  we  were  able  to  assume  even 
heating  of  the  small  samples.  The  samples  were  placed  into  the  dilatometer  under  two  different 
conditions: 
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1.)  Friction-free  shrinkage:  the  samples  did  not  come  into  contact  with  the  quartz  walls  of  the 
device. 


2.) 


Retarded  shrinkage:  to  be  able  to  estimate  the  impact  of  friction  between  the  sample  and  the 
powder  bed  on  shrinkage  behavior.  As  we  were  unable  to  aehieve  selective  heating  between 
the  powder  bed  and  the  sample,  polyamide  powder  was  scattered  between  the  sample  and  the 
quartz  walls  of  the  dilatometer  to  simulate  the  different  flow  and  cohesive  properties  of  the 
PMMA  powder  and  the  sample  at  the  different  temperatures. 


Qualitative  description  of  the  shrinking  curves:  Figure  3  illustrates  the  shrinking  curve  of  a 
PMMA  sample  over  a  period  of  time  of  1  Oh  at  a  temperature  of  T=140°C  and  a  pressure  of 
p=18.5g/cm^,  which  corresponds  to  the  weight  of  a  powder  bed  that  is  approx.  30cm  deep. 
During  the  heat-up  phase,  the  sample  initially  expands  due  to  thermal  expansion.  Yet,  when  a 
certain  temperature  is  reached,  shrinkage  begins.  As  thermal  expansion  is  not  yet  fully  complete 
at  this  point,  the  sample  is  in  a  mixed  state  between  expansion  and  shrinking.  To  more  exactly 
define  this  state,  we  subtracted  the  thermal  expansion  of  the  sample  from  the  curve  which  shows 
the  change  in  height  (red  line):  this  curve  thus  shows  greater  shrinkage  then  the  measured  curve 
where  thermal  expansion  is  considered. 


The  largest  degree  of  shrinkage  (>50%)  occurred  for  all  samples  within  the  first  100  minutes 
with  a  sharp  decrease  in  the  height  of  the  samples  registered.  After  this  length  of  time,  shrinking 
seems  to  change  over  to  a  state  of  saturation.  This  is  best  explained  if  we  see  shrinkage  as  the 
effeet  of  particles  or  particle  clusters  sliding  from  their  original  positions  to  fill  empty  spaces. 
This  happens  when  sinter  contacts  are  thermally  activated  by  the  temperature  applied,  which 
reduces  the  fiiction  between  the  individual  particles,  causing  them  to  slide.  The  particles  which 
are  the  first  to  slide  into  vacancies  or  vacancy  clusters  are  those  whose  sliding  planes  are  tilted  in 

•  the  direction  of  the  space  to  be  filled  out  (figure  4),  as  this  is  the  path  of  the  least  resistance. 

This  explains  why  the  degree  of  shrinkage  is  greatest  at  the  beginning  of  isothermal 
densification.  The  direetions  of  the  sliding  planes  in  the  samples  are  distributed  statistically  and, 
over  time  with  more  and  more  particles  filling  vacancies,  the  concentration  of  those  particles 
able  to  slide  into  vacancy  clusters  decreases  so  that  shrinkage  approaches  a  saturation  value  for 
longer  periods  of  time. 


Temperature-  and  pressure-dependency  of  the  final  values  of  shrinkage:  As  expected,  the 
height  of  the  cylinder-shaped  samples  after  shrinkage  can  be  expressed  as  a  function  of  the 
temperature  and  the  pressure  applied  to  the  samples.  When  the  final  values  of  shrinkage  and  the 
temperature  applied  are  expressed  in  the  form  of  an  Arrehnius  plot,  it  becomes  evident  that  the 
two  values  are  linear  dependent.  Thus,  the  dependency  between  temperature  T  and  shrinkage  s^n 
may  be  expressed  as  follows: 


E 


oc  e 


with  c=const. 


(Eq.  1) 


E  may  be  imderstood  as  a  thermal  energy  of  activation:  the  higher  the  temperature,  the  greater 
the  number  of  particles  contacts  which  are  thermally  activated  with  the  result  that  a  greater 
number  of  particles  become  active,  sliding  to  fill  the  empty  spaces.  This  increases  shrinkage  and 
subsequently  the  final  density. 
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Figure  3:  Shrinking  curves  of  a  PMMA  sample  sintered  at  T=140°C  and  p~18.5g/cm^ .  Note  that, 
in  the  red  curve,  thermal  expansion  of  the  sample  during  the  heating  process  has  been 
subtracted.  The  temperature  curve  for  the  overall  process  is  included. 


vacancy  tfuste^ 


Figure  4:  Schematic  sketch  illustrating  the  shrinkage  mechanism  for  laser-sintered  polymer 

samples. 
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Figure  5:  Temperature-dependency  of  the  final  values  ascertained for  shrinkage. 


The  dependency  between  the  final  values  of  shrinkage  and  the  pressure  applied  is  also  linear 
(Figure  6).  However,  increasing  mass,  i.e.  the  weight  applied,  does  not  have  as  great  an  impact 
on  the  degree  of  shrinkage  as  increasing  the  temperature.  The  linear  dependency  between  these 
two  values  -  shrinkage  and  pressure  -  may  best  be  explained  as  follows.  When  the  contact 
surfaces  between  the  particles  are  thermally  activated,  cohesive  strength  is  reduced.  Similar  to 
Hooke's  Law  for  elastic  bodies,  pressure  causes  the  particles  to  be  compressed  like  a  spring.  Yet 
unlike  a  spring,  where  the  compression  of  the  coils  is  instantaneous,  compression  of  the  particles 
takes  much  longer.  The  internal  stresses  are  relieved  when  the  powder  particles  slide  along  their 
planes  to  fill  any  available  empty  spaces.  Therefore,  after  pressure  is  removed,  the  samples  - 
again  unlike  a  spring  -  do  not  regain  their  original  shape.  This  process  is,  in  contrast,  a  relaxation 
process. 


Figure  6:  Pressure-dependency  of  the  final  values  ascertained  for  shrinkage. 
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Impact  of  particle  friction  on  shrinkage:  To  estimate  the  impact  of  friction  between  the  bulk 
powder  and  the  sinter  geometry,  we  carried  out  the  above-described  shrinkage  experiments  using 
PA  powder.  Figure  7  depicts  shrinkage  measured  at  three  different  temperatures:  first  without 
friction  and  then  retarded  through  friction  due  to  particle  contact.  For  all  three  temperatures, 
retarded  shrinkage  is  less  than  friction-free  shrinkage  by  the  same  absolute  value  (1%).  This 
behavior  would  indicate  that,  within  the  temperature  range  considered,  contact  friction  between 
the  bulk  PA  powder  and  the  PMMA  sample  is  not  temperature  dependent.  At  the  temperatures 
selected  here,  the  PA  powder  is  neither  cohesive  nor  flowable  enough  to  significantly  increase 
friction  at  the  contact  surfaces.  It  naturally  remains  to  be  examined  in  future  work  whether  this 
behavior  holds  true  for  PMMA  samples  laser-sintered  in  a  PMMA  powder  bed. 

Integration  of  shrinking  curves  In  the  simulation:  To  be  able  to  incorporate  shrinkage  in  the 
thermal  simulation,  we  must  first  express  the  change  in  height  of  the  samples  in  mathematical 
form  as  a  function  of  time,  temperature,  and  pressure.  When  the  shrinking  curves  are  shown  on 
the  log-log  scale,  it  becomes  apparent  that  the  curve,  for  most  of  its  run,  follows  a  line  (Figure 
8).  Hence,  according  to  a  power  law,  the  change  in  height  and,  thus,  the  density  of  the  sample, 
may  be  expressed  as  a  function  of  time  for  longer  time  periods.  Adding  the  linear  dependency  of 
shrinkage  s  to  pressure  p  renders  the  following  equation: 

*a(T) 

So^t  ’  -Cp,  (Eq.  2) 

with  c=const. 

The  exponents  of  the  exponential  function  and  the  temperature  are  linear  dependent  (Figure  9): 

a(r)  =  C,r  +  C2,  (Eq.3) 

with  Cl,  C2  =  const. 


Figure  7:  Comparison  of  shrinkage  of pre-sintered  PMMA  samples  tested  first  friction-free  and 
then  using  PA  powder  to  enhance  cohesive  strength. 
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time 

Figure  8:  Time-dependency  of  shrinkage  on  a  log-log  scale. 


tempefature  f  C] 

Figure  9:  Temperature-dependency  of  the  power  function  exponents. 


Physical  Shrinkage  Models 

Modeling  and  simulation  of  shrinkage  can  be  done  on  two  scales:  at  a  microscopic  level  which 
tracks  an  amount  of  distinct  interacting  particles,  the  so-called  Distinct  Element  Model  (DEM), 
and  at  a  macroscopic  level.  The  latter  applies  special  laws  for  the  plastic  flow  of  cohesive 
granular  matter.  [3]  With  respect  to  the  cohesive  strength,  relevant  sintering  laws  [2]  which  may 
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be  extended  by  a  pressure  dependence  need  to  be  found.  This  can  be  done,  for  instance,  if  the 
driving  surface  tension  is  enhanced  by  a  value  proportional  to  the  local  pressure  and  the  particle 
diameter. 

A  simple  version  for  the  DEM  system  is  given  through  an  elastic  contact  model  which  consists 
of  two  different  stiffnesses  for  loading  and  unloading  in  order  to  incorporate  plasticity  [3].  Also, 
cohesion  strength  has  to  be  considered.  The  tangential  motion  of  the  particles  is  controlled  by  a 
Coulomb-type  frictional  law.  Due  to  the  history-  and  temperature-dependence  of  the  sintering 
process,  both  the  cohesion  and  the  friction  parameters  need  not  be  constant. 

In  principle,  this  microscopic  simulation  together  with  a  certain  averaging  procedure  leads  to 
effective  macroscopic  dynamic  laws.  In  practice,  however,  the  number  of  particles  is  limited  for 
computational  reasons.  Moreover,  most  current  DEM  simulations  are  restricted  to  two 
dimensions.  Therefore,  it  is  reasonable  to  try  to  directly  find  some  macroscopic  constitutive 
equations. 


Figure  10:  Two-particle  contact  with  overlap  d  (left),  elastic  force  law  with  hysteresis  and 

cohesion  (right). 


Several  authors  have  considered  macroscopic  stress-strain  behavior  in  the  context  of  soil 
mechanics.  We  may  start  here  from  a  Drucker-Prager  formulation  of  plasticity,  which  has  to  be 
generalized  to  include  cohesion,  for  instance  [3].  However,  the  resulting  model  still  needs  to  be 
extended  to  make  cohesion  history-  and  temperature-dependent.  This  has  not  yet  been  done. 

For  low  stresses,  i.e.  if  no  external  pressing  is  carried  out,  a  viscoplastic  formulation  of  the 
constitutive  equations  would  be  more  appropriate.  The  related  viscosity  coefficients  will  then 
depend  on  the  density,  leading  to  a  non-linear  model  [4].  Finding  the  related  sintering  laws  for 
the  polymer  powder  remains  an  area  for  future  work. 
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Summary  and  Future  Work 

Laser-sintered  polymer  parts  shrink  during  the  building  and  cooling  processes.  Shrinkage,  which 
may  be  expressed  as  a  function  of  time,  temperature  and  pressure,  is  to  be  computed  before 
sintering  and  compensated  by  upscaling  the  requisite  datasets.  The  basis  for  shrinkage 
compensation  as  set  out  here  is  given  through  a  thermal  simulation  of  the  SLS  process,  which 
replicates  the  temperature  distribution  in  the  build  room  very  accurately.  Data  from  dilatometer 
examinations  of  laser-sintered  sample  geometries  serve  as  the  foundation  for  a  shrinkage  model. 
In  experiments,  the  samples  demonstrated  a  change  in  height  which,  given  longer  periods  of 
time,  behaves  in  accordance  with  a  power  law  with  time.  The  exponents  of  the  exponential 
function  and  the  temperature  proved  to  be  linear  dependent.  In  addition,  the  final  values  of 
shrinkage  can  be  expressed  in  the  form  of  an  Arrehnius  plot  as  a  function  of  temperature  and  also 
show  a  linear  dependency  to  the  pressure  applied.  The  former  function  results  from  the  necessary 
thermal  activation  of  the  particle  contacts,  whereas  the  latter  is  explained  as  a  stress-strain 
relationship  similar  to  Hooke's  Law,  where  internal  stresses  caused  by  applying  pressure  to  the 
particles  are  relieved  by  the  particles  sliding  into  available  vacancy  clusters.  If  particle  friction  is 
generated  through  the  addition  of  bulk  powder,  shrinkage  is  reduced  significantly.  Transfer  of 
the  experimental  results  achieved  under  the  idealized  measuring  conditions  prevalent  in  the 
dilatometer  to  the  real  conditions  in  SLS  machines  will  require  further  work.  However,  this  work 
offers  various  theoretical  approaches  for  such  transfer.  While  the  resulting  shrinkage  model  will 
need  to  consider  friction  and  cohesion  between  the  particles  at  the  microscopic  level,  relevant 
macroscopic  equations  for  shrinkage  are  required  to  significantly  minimize  computation  time. 
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Abstract 

We  present  a  simple  one-dimensional  model  that  describes  the  physical  mechanisms  of 
heat  transfer,  melting  and  resolidification  taking  place  during  and  after  the  interaction  of  a  laser 
beam  with  a  bed  of  pure  metal  powder.  The  physical  model  describing  this  situation  is  based  on 
the  classical  Stefan  problem  with  appropriately  chosen  boundary  conditions  to  reflect  direct 
selective  laser  sintering  of  metals.  A  niunerical  model  based  on  the  finite  volume  method  is 
developed  to  perform  computations  for  two  beam  diameters,  three  beam  speeds  and  for  constant, 
step  and  ramp  laser  power  input  profiles.  The  results  of  these  computations  show  the  influence  of 
laser  beam  diameter,  laser  power  input  rate  and  input  duration  on  the  melt  interface  velocity  and 
location,  and  temperature.  Scaling  laws  for  time  to  reach  maximum  melt  depth  and  total  melt- 
resolidification  time  are  derived.  Comparisons  of  the  temperature  histories  for  the  three  power 
input  profiles  are  described. 

INTRODUCTION 

Selective  laser  sintering  (SLS)  is  a  solid  freeform  fabrication  [1]  technique  that  creates  three- 
dimensional  fi’eeform  objects  directly  from  their  CAD  models.  An  object  is  created  by 
selectively  fusing  thin  layers  of  a  powder  using  a  computer-controlled  scanning  laser  beam  that 
scans  patterns  corresponding  to  slices  of  the  CAD  model.  Direct  selective  laser  sintering  of 
metals  [2]  is  a  process  in  which  a  high-energy  laser  beam  directly  consolidates  a  metal  powder  or 
powder  mixture  to  full  density.  Direct  selective  laser  sintering  of  metals  is  a  complex  process 
exhibiting  multiple  modes  of  heat,  mass  and  momentum  transfer,  and  ehemical  reaction 
mechanisms.  The  strong  interplay  between  these  mechanisms  directly  impacts  the  SLS  process, 
determining  whether  a  given  material  can  be  processed  and  if  so,  how  the  microstructure  and 
properties  of  the  material  are  impacted.  The  inherent  complexity  of  this  process  imposes  serious 
constraints  on  the  complexity  of  the  models  that  can  be  constructed  to  enable  a  fundamental 
understanding  of  the  important  physical  mechanisms  in  SLS.  This  understanding  is  essential  to 
implement  effective  process  control. 

Previous  work  on  modeling  SLS  of  metals  includes  finite  element  modeling  for  metal 
powder  densification  [3]  and  three  dimensional  models  for  two-component  metal  mixtures  [4]. 
With  the  goal  of  developing  process  understanding  for  control  purposes,  we  present  a  simple 
one-dimensional  model  that  describes  the  physical  mechanisms  of  heat  transfer,  melting  and 
resolidification  taking  place  during  and  after  the  interaction  of  a  laser  beam  with  a  bed  of  pure 
metal  powder.  The  physical  model  describing  this  situation  is  based  on  the  classical  Stefan 
problem  with  appropriately  chosen  boundary  conditions  to  reflect  direct  selective  laser  sintering 
of  metals.  A  numerical  model  based  on  the  finite  volume  method  was  developed  to  perform 
computations  for  two  beam  diameters,  three  beam  speeds  and  for  constant,  step  and  ramp  laser 
power  input  profiles.  Properties  of  nickel  were  used  for  the  numerical  computations.  The  results 
of  these  computations  show  the  influence  of  laser  beam  diameter,  laser  power  input  rate  and 
input  duration  on  the  melt  interface  velocity  and  location,  and  temperature.  Scaling  laws  for  time 
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to  reach  maximum  melt  depth  and  total  melt-resolidification  time  are  derived.  Comparisons  of 
the  temperature  histories  for  the  three  power  input  profiles  are  described. 

PHYSICAL  MODEL 

We  consider  one-dimensional  heat  conduction  in  a  solid  of  length  L.  Heat  flux  from  the 
laser  flows  in  through  the  surface  at  x=0  at  a  rate  q"  per  unit  area  during  heat  up  while  the 
surface  at  x  =  L  is  assumed  insulated.  If  heating  continues  long  enough,  the  surface  at  x  =  0 
reaches  the  melting  temperature  Tm,  melting  commences  and  the  melt  interface  moves  inward. 
This  is  the  well  documented  Stefan  problem  [5,6].  During  cool  down,  heat  is  lost  from  the 
surface  at  x=0  by  convection  and  radiation.  We  aim  to  determine  the  temperature  distribution, 
the  velocity  and  the  location  of  the  melting  interface  within  the  domain  of  interest.  The  following 
assumptions  are  made  for  developing  the  model; 

1.  Powder  is  treated  as  a  solid,  no  densification  occurs  during  the  process. 

2.  Laser  beam  intensity  distribution  is  uniform  across  the  beam  diameter. 

3.  Constant  material  properties. 

4.  No  convective  heat  transfer  at  top  surface  (process  occurs  in  a  vacuum). 

5.  No  melt  pool  convection,  no  convective  heat  transfer  at  melt  interface. 

6.  Planar  propagation  of  melt  interface. 

7.  No  evaporative  heat  loss  and  no  evaporative  mass  transfer  at  top  surface. 

8.  Top  surface  is  diffuse  gray,  top  surface  cools  by  radiative  cooling. 


Laser  Heat 
Flux _ _ 


Radiation  & 
Convection 

L*  node 


2"'*  node 


3'^*'  node 
4*''  node 


■Insulated 


The  governing  heat  equation  describing  the  proeess  is  as  follows: 

a  f,  dr]  a  f,  dr]  a  f,  dr)  .  dr 

The  one-dimensional  form  of  this  equation  with  constant  properties  is 

,  a'r  dr  ,,, 

During  heat  up  and  melting,  the  heat  flux  boundary  condition  at  the  top 
surface  is 

-k^  =  a^g",x  =  0  (2) 

ox 

During  cool  down,  the  general  convection  and  radiation  boundary 
condition  at  the  top  surface  is 

-k  —  =  hiT^-r)  +  e(7ir:-r),x  =  0  (3) 

dx 

The  bottom  surface  is  assumed  insulated,  therefore  the  boundary 
eondition  there  is 
dT 

-k^  =  0,x  =  L  (4) 

dx 

The  Stefan  condition  describing  the  heat  flux  balance  at  the 
planar  melt  interface  is 

dr  dr  .  .  . 

k—  -k—  =pVA,x  =  x^  (5) 

dx  ox  , 
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NUMERICAL  MODEL 

The  finite  volume  method  [7]  is  employed  to  develop  the  numerical  model.  The 
computational  domain  is  divided  into  2N  cells  and  a  node  is  placed  at  the  center  of  each  cell. 
Symmetry  is  used  to  accommodate  the  insulation  boundary  condition.  Using  symmetry, 
computation  is  done  only  for  the  first  N+1  nodes.  The  U*  node  and  (N+l)**'  node  are  used  to 
satisfy  the  boundary  conditions.  The  temperatures  computed  at  each  node  represent  average 
temperatures  for  the  cell  (finite  volume  element)  corresponding  that  node. 


Temperature  computation  at  an  interior  node  not  adjacent  to  the  melt  interface  is  given  by 

which  can  be  rewritten  as 


dT 


(7) 


a  dt 

The  time  derivative  of  temperature  can  be  approximated  as  (7^"™’  -T.)/  St.  Substituting  this  into 
(7)  and  re-arranging  leads  to  an  algorithm  for  computing  the  new  temperature  at  each  node  by 

Tr=T,+~  (T,_,  +  (8) 

Temperature  computation  at  the  surface  node  during  heat  up  is  given  by 
dT.  Ik  k 

fX&-^  =  a.<f+—(T„ -T,)  +  -(T,., -T,)  (9) 

Using  the  time  derivative  of  temperature  approximation,  (9)  can  be  rewritten  as 

By  combining  the  heat  transfer  resistances  for  convection,  radiation,  and  conduction  for  half  of 
5k  ,  the  temperature  computation  at  the  surface  node  during  cool  down  is  given  by 
dT,  _  7;._,-7;.  k 


pcSx 


dt 


1 


+^(7:>, -t;.) 


Sk  5k 


(11) 


h  +  ea{T^_,+T^){T,_,+T,)  2k 

which  again  using  the  time  derivative  of  temperature  approximation  can  be  rewritten  as 


fjpn 


7;-, -7; 

1 


--t- 


Sx  pcSx  Sx^ 


(12) 


/i+f(T(7;.!,+7;7)(7;_,+7;.)  2k 
By  symmetry,  temperature  computation  at  the  end  node  is  given  by  T(N-i-l)=T(N).  Hence,  after 
T(N)  has  been  computed,  we  simply  set  T(N-4-l)=T(N).  To  satisfy  the  Stefan  condition,  heat 
fluxes  due  to  conduction  in  the  solid  and  liquid  at  the  previous  time  step  are  approximated  by 


dx 


-  Irlm 


t;.. 


Xm  -Xf 


^  and  k^ 
ox 


T  -T_ 

— ij_  respectively 

Xf-X,_, 


while  the  melt  front  velocity  is  approximated  by 


V  = 


JC  -  Xj- 


a 


(13) 


(14) 


These  approximations  lead  to  an  algebraic  version  of  the  Stefan  condition  given  by 
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T  -T  T 

I'+l  m  _  m 


-x^ 


T. , 


N-l 


5t 


that  can  be  rewritten  to  yield  the  new  location  of  the  melt  interface  via 


X^'”  =Xf  + 


A 

pX 


T  -T  T  -T 

^  ^  ^  ^  /-I 


V 


(15) 


(16) 


•^/  -^/-i  y 

A  different  set  of  equations  is  employed  for  computation  in  nodes  adjacent  to  cells  containing  the 
melt  interface.  The  discretized  heat  flux  balance  for  such  nodes  is  given  by 

Pc&^  =  ^(T,.,-T,)  +  -!^(T,-T,)  (17) 


dt  Sk 


X  f  -X, 


The  corresponding  temperature  computation  is  given  by 
adt  adt  1 


rj-inew  _ rj^  I 


8x^ 


8x  x^  -  X, 


iT„-Td 


(18) 


When  the  melt  interface  is  in  the  second  cell,  a  special  case  arises  for  the  first  node.  The 
temperature  computation  for  the  first  node  during  heat  up  and  melting  is  given  by 

Tr=T,  +  -7-) 

pc&c  ax  ox  Xf  -X. 

while  its  temperature  during  cool  down  and  re-solidification  is  given  by 

dt 


rpnew  _ Y'  ~\~ 


T  -T 

^  7-1  ^ / 

1 


^  dx  pcdx  dx^  Xf  -X, 


(19) 


(20) 


h  +  e(7{Tl_,+T^)iT,^,^T,)  2k 
The  discretized  heat  flux  balance  at  an  interior  node  adjacent  and  to  the  right  of  the  melt 
interface  is  given  by 

=  — L(J)„-7')+4(7’.i-7;)  (21) 


dt 


X;-X, 


dx 


The  corresponding  temperature  computation  is  given  by 
a5t  1  adt 


^ 


^-^(7;,-7:)+^(7:..-7:.) 

ox  X.-Xr  OX 


(22) 


Finally,  temperature  interpolation  at  a  node  after  the  melt  interface  has  passed  by  it  is  given  by 
j;  (23) 


The  parameter  values  used  for  the  computations  are  shown  in  table  1 . 


Domain  size 

Number  of  nodes 

Time  step 

Laser  beam  power 

Beam  diameter 

2  mm 

100 

4  X  lO'^s 

500  W 

1 00  |im,  250  |J.m 

Table  1.  Parameters  used  for  numerical  computations. 


The  concept  of  beam-material  interaction  time  is  used  to  simulate  the  temporal  action  of  a 
moving  laser  beam  over  a  surface  area  corresponding  to  one  beam  diameter.  The  beam-material 
interaction  time  is  defined  as  the  time  taken  by  the  beam  to  traverse  one  beam  diameter,  and  can 
be  used  to  set  the  duration  for  step  power  input  and  ramp  power  input  experienced  by  an  area  of 
the  surface  corresponding  to  one  beam  diameter.  Three  typical  beam  speeds  in  SLS  processing  of 
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metals  [6]  were  chosen  to  determine  beam-material  interaction  times  for  each  of  the  100  |xm  and 
250  |xm  beam  diameters  used  in  the  computations,  as  shown  in  table  2. 


Beam  speed  (in/s) 

tpd/v 

(100  pm  beam) 

tpd/v 

(250  pm  beam) 

5  (12.7  cm/s) 

7.87  X  lO"^  sec 

1.97  X  10'^  sec 

10  (25.4  cm/s) 

3.94  X  10*^  sec 

9.84  X  10*^  sec 

50  (127  cm/s) 

7.87  X  10'^  sec 

1.97  X  10"*  sec 

Table  2.  Beam-material  interaction  times  for  step  power 

input  and  ramp  power  input 

RESULTS  AND  DISCUSSION 

Numerical  computations  were  conducted  for  three  types  of  laser  power  input;  constant 
power  input  (laser  beam  always  on),  step  power  input  (constant  laser  power  for  the  duration  of 
beam-material  interaction  time  followed  by  a  drop  to  zero  power)  and  ramp  power  input  (laser 
power  linearly  ramps  from  zero  to  full  power  during  beam-material  interaction  time,  followed  by 
a  drop  to  zero  power),  for  two  beam  diameters  (100  |U,m  and  250  |xm).  For  the  step  and  ramp 
power  inputs,  computations  were  carried  out  for  three  beam-material  interaction  times  with 
durations  equal  to  five  times  beam-material  interaction  time.  Plots  of  interface  velocity,  interface 
location,  surface  temperature  and  center  node  temperature  were  obtained.  The  results  for  each 
case  are  described  in  the  following  sections. 


Case  I:  Constant  Power  Input 

Figure  1  shows  the  interface  velocity  and  location  as  a  function  of  time  for  constant 
power  input  with  a  100  fxm  beam.  The  interface  velocity  initially  peaks  to  nearly  4  m/s  but  then 
drops  sharply  to  nearly  zero  in  5  x  10'^  s.  The  interface  location  continues  to  penetrate  deeper 
into  the  solid  during  this  time  as  is  expect  for  constant  heat  flux  input,  reaching  a  final  value  of 
460  pm. 


Constant  power  input,  100  micron  beam  diameter 

„ . . »„ ^ 

Interface  Location  vs.  Time 
Constant  power  input,  100  micron  beam  diameter 


Fig.l.  Interface  velocity  and  location  for  100  pm  beam  and  constant  power  input. 


Figure  2  shows  surface  and  center  node  temperatures  for  constant  power  input.  The 
computed  peak  surface  temperatures  for  100  pm  are  very  high  (much  higher  than  the  melting 
point  of  nickel),  which  are  attributed  to  unmodeled  effects  (e.g.  evaporation  and  melt  pool 
convection).  At  5  ms,  the  temperature  half-way  (1  mm)  into  the  computational  domain  is  lower 
than  the  surface  temperature  by  a  factor  of  about  3,  yielding  a  temperature  gradient  of  about 
4000  K/mm. 
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Center  node  Temperature  vs.  Time 
Constant  power  Input 


Fig.  2.  Surface  and  center  node  temperatures  for  1 00  |im  beam  and  constant  power  input. 


Case  II:  Step  Power  Input 

Figure  3  shows  interface  velocity  and  location  for  100  pm  beam  for  the  three  beam- 
material  interaction  times  and  step  power  input.  The  variation  of  interface  velocity  with  time  is 
not  significantly  different  for  the  three  cases.  However,  the  maximum  melt  penetration  depth  and 
time  at  which  the  interface  velocity  changes  sign  are  proportional  to  beam-material  interaction 
time.  The  time  to  reach  maximum  melt  depth  scales  with  the  beam-material  interaction  time  by  a 
constant  factor  of  about  2.  Estimates  for  the  total  melt-resolidification  times  can  be  obtained  by 
linearly  extrapolating  the  downward  (resolidifiction)  portions  of  the  interface  location  curves  to 
intersect  the  X-axis.  By  these  estimates,  the  total  melt-resolidification  time  scales  with  the 
corresponding  beam-material  interaction  time  by  a  constant  factor  of  about  10,  i.e.  about  one 
order  of  magnitude. 


Interface  Velocity  vs.  Time 
Step  Power  Input,  100  micron  beam  diameter 


Interface  Location  vs.  Time 
Step  Power  Input,  100  micron  beam  diameter 


Time  (sec) 


Time  (sec) 


Fig.  3.  Interface  velocity  and  location  for  100  pm  beam  and  step  power  input. 


Figure  4  shows  the  surface  and  center  node  temperatures  for  100  pm  beam  diameter  for 
the  three  beam-material  interaction  times  and  step  power  input.  As  in  the  case  of  constant  power 
input,  the  computed  peak  surface  temperatures  are  very  high,  reflecting  unmodeled  effects.  The 
peak  temperature  is  proportional  to  the  beam-material  interaction  time.  Surface  cooling  begins 
almost  instantaneously  as  the  power  is  turned  off,  and  the  associated  cooling  rate  is  inversely 
proportional  to  beam-material  interaction  time.  At  the  end  of  beam-material  interaction,  the 
temperature  half-way  (1  mm)  into  the  computational  domain  has  barely  risen  from  ambient  and 
the  temperature  gradient  relative  to  the  surface  is  about  5000  K/mm  for  all  three  instances  of 
beam-material  interaction  time. 
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Surface  temperature  vs.  Time 
Step  Power  Input,  100  micron  beam  diameter 


Center  node  temperature  vs.  Time 
Step  Power  Input,  100  micron  beam  diameter 
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Fig.  4.  Surface  and  center  node  temperatures  for  100  jim  and  step  power  input. 


Case  TTT:  Ramp  Power  Input 

Figure  5  shows  interface  velocity  and  location  for  100  )xm  beam  for  the  three  beam- 
material  interaction  times  and  ramp  power  input.  The  peak  interface  velocity  is  inversely 
proportional  while  the  time  to  reach  the  peak  velocity  is  directly  proportional  to  beam-material 
interaction  time  respectively.  The  maximum  melt  penetration  depth  and  time  at  which  the 
interface  velocity  changes  sign  are  proportional  to  beam-material  interaction  time.  The  time  to 
reach  maximum  melt  depth  scales  with  the  beam-material  interaction  time  by  a  constant  factor  of 
about  1.4.  Estimates  for  the  total  melt-resolidification  times  can  be  obtained  by  linearly 
extrapolating  the  downward  (resolidifiction)  portions  of  the  interface  location  curves  to  intersect 
the  X-axis.  By  these  estimates,  the  total  melt-resolidification  time  scales  with  the  corresponding 
beam-material  interaction  time  by  a  constant  factor  of  about  4. 


Interface  Velocity  vs.  Time 


■s 
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Interface  Location  vs.  Hme 
Ramp  Power  Input,  100  micron  beam  diameter 


Fig.  5.  Interface  velocity  and  location  for  100  |im  and  ramp  power  input. 


Figure  6  shows  the  surface  and  center  node  temperatures  for  100  pm  beam  diameter  for 
the  three  beam-material  interaction  times  and  ramp  power  input.  The  peak  temperature  is 
proportional  to  the  beam-material  interaction  time  while  the  rate  of  surface  temperature  rise  is 
inversely  proportional  to  beam-material  interaction  time.  Siuface  cooling  begins  almost 
instantaneously  as  the  power  is  turned  off,  and  the  associated  cooling  rate  is  inversely 
proportional  to  beam-material  interaction  time.  The  predicted  peak  temperatures  are  comparable 
to  those  predicted  for  constant  power  and  step  input  power,  but  are  again  high,  reflecting 
unmodeled  effects.  At  the  end  of  beam-material  interaction,  the  temperature  half-way  (1  mm) 
into  the  computational  domain  has  barely  risen  from  ambient  and  the  temperature  gradient 
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relative  to  the  surface  is  between  4000  K/mm  and  5000  K/mm  for  all  three  instances  of  beam- 
material  interaction  time. 


0  0.0005  0.001  0.0015  0.002  0.0025  0.003  0.0035  0.004  0  0.0005  0.001  00015  0.002  0.0025  0.003  0  0035  0.004 

Time  (sec)  Time  (sec) 

Fig.  6  Surface  and  center  node  temperatures  for  1 00  |Xm  and  ramp  power  input. 

Figure  7  shows  comparisons  of  surface  temperature  for  constant,  step  and  ramp  power 
inputs  with  respect  to  beam  diameter  for  a  beam-material  interaction  time  corresponding  to  12.7 
cm/s  (5  in/s)  beam  speed.  No  melting  is  predicted  for  a  250  )im  beam  in  all  cases.  The  predicted 
peak  temperatures  for  all  three  t3^es  of  power  input  are  nearly  the  same  with  constant  power 
input  providing  the  highest  temperature  as  expected,  followed  by  step  power  input  and  ramp 
power  input.  The  rate  of  temperature  rise  for  ramp  power  input  is  more  gradual  versus  step 
power  input  as  expected.  However,  the  cooling  curves  are  nearly  identical  for  both  step  and 
ramp  power  input. 

Surfac*  (emp«ratur«  vs.  Time  Surface  temperature  vs.  Time  Surface  temperature  vs.  Time 
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Fig.  7.  Surface  temperature  comparisons  for  constant  power,  step  power  and  ramp  power  at  5  in/s. 

SUMMARY  AND  CONCLUSIONS 

The  results  from  this  preliminary  model  can  be  summarized  as  follows: 

1.  No  melting  is  predicted  for  the  250  |im  beam  for  all  cases.  The  predicted  surface 
temperatures,  especially  for  100  |J.m  beam  are  very  high,  reflecting  unmodeled  effects 
(e.g.  evaporative  heat  loss,  melt  pool  convection,  temperature  dependent  properties). 

2.  For  the  same  beam-material  interaction  time  (same  beam  speed),  peak  temperatures  for 
both  step  and  ramp  power  inputs  are  inversely  proportional  to  beam  diameter. 

3.  For  both  step  and  ramp  power  input,  the  peak  interface  velocity  and  surface  cooling  rate 
after  terminating  laser  power  input  are  inversely  proportional  to  beam-material 
interaction  time  while  the  time  to  reach  peak  interface  velocity  is  directly  proportional  to 
beam-material  interaction  time. 
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4.  Peak  temperatures  for  both  step  and  ramp  power  inputs  are  attained  at  the  end  of  beam- 
material  interaction  time. 

5.  For  step  and  ramp  power  inputs,  the  maximum  melt  penetration  depth  and  time  at  which 
the  interface  velocity  changes  sign  (start  of  resolidification)  are  proportional  to  beam- 
material  interaction  time. 

6.  For  the  same  beam-material  interaction  time,  beam  diameter  and  laser  power,  the 
maximum  melt  depth  for  step  power  input  is  higher  than  that  for  ramp  power  input. 

7.  For  step  power  input,  the  time  to  reach  maximum  melt  depth  scales  with  the  beam- 
material  interaction  time  by  a  factor  of  about  2  while  the  total  melt-resolidification  time 
scales  with  the  corresponding  beam-material  interaction  time  by  a  factor  of  about  10. 

8.  For  ramp  power  input,  the  time  to  reach  maximum  melt  depth  scales  with  the  beam- 
material  interaction  time  by  a  factor  of  about  1 .4  while  the  total  melt-resolidification  time 
scales  with  the  corresponding  beam-material  interaction  time  by  a  factor  of  about  4. 
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NOMENCLATURE 
Symbols 

Cp  =  specific  heat  (J/kgK) 
d  =  beam  diameter  (m) 

h  =  convective  heat  transfer  coefficient  (W/m^K) 
k  =  thermal  conductivity  (W/mK) 
q  =  internal  heat  generation  (W/m^) 
q"  =  heat  flux  (W/m^) 

Tm  =  melting  temperature  (K) 

Too  =  ambient  temperature  (K) 

Tj  =  temperature  at  node  (K) 

Xi  =  location  of  node  (m) 

Xf  =  location  of  interface  (m) 

V  =  beam  speed  (m/s) 

V  =  melt  front  velocity  (m/s) 


Greek  Letters 

cXa  =  absorptivity  of  surface 
(assumed  0.8  for  nickel) 
a  =  thermal  diffiisivity  (m^/s) 

6t  =  interval  time  (s) 

6x  =  distance  between  nodes  (m) 
£  =  emissivity  of  surface 

(assumed  0.8  for  nickel) 

X  =  latent  heat  of  fusion  (kJ/kg) 
p  =  density  (kg/m^) 
a  =  Stefan-Boltzmann  constant 
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Abstract 


In  Direct  Metal  Laser  Sintering  objects  are  created  by  sequential  sintering  loose  metal 
powder  particles  by  means  of  laser  technology.  When  the  laser  sintering  process  involves 
temperature  gradients,  thermal  stresses  develop.  Corresponding  residual  stresses  induce  warping 
of  the  densified  structure  leading  to  unacceptable  tolerance  losses.  This  paper  examines  the  role 
of  laser  beam  scan  patterns  on  the  resulting  stresses  and  warpage  of  direct  metal  laser  sintered 
plate- shaped  specimens.  The  effects  of  a  large  variety  of  laser  sintering  parameters  are  described. 
It  can  be  shown  that  the  optimization  of  process  conditions  and  material  aspects  results  in  a 
significant  reduction  of  thermal  stresses. 


Introduction 


Direct  Metal  Laser  Sintering  is  one  of  a  few  Rapid  Prototyping  technologies  which 
possesses  the  capability  to  produce  metal  parts  and  prototype  tools  directly  from  powders.  The 
high  laser  power  supplied  by  a  cw  CO2  laser  binds  effectively  metal  powder  particles  together. 
Such  laser  sintered  objects  then  exhibit  high  densities  in  the  range  of  95%  theoretical  density. 
Due  to  the  high  thermal  energy  which  is  required  to  promote  all  steps  of  material  re-arrangement 
and  densification  during  sintering  within  an  extremely  short  period  of  time  [1],  thermal  gradients 
exist  in  the  densified  structure.  Thermal  stresses  and  corresponding  residual  stresses  induce 
warping  and/or  cracking  of  the  object.  Warping  normally  leads  to  tolerance  losses  but  cracking 
results  in  a  more  detrimental  loss  of  quality. 

Various  authors  have  discussed  the  role  of  thermal  stresses  in  layered  manufacturing,  for 
example  in  Stereolithography  by  Jayanthi  [2],  and  Ullet  [3],  in  Selective  Laser  Sintering  by 
Karapatis  [4],  and  Dalgamo  [5],  in  Shape  Deposition  Manufacturing  by  Chin  [6],  Klingbeil  [7], 
and  Nickel  [8].  From  all  those  contributions  can  be  predicted  that  both  material  properties  of  the 
laser  sintered  system  and  process  parameters  such  as  power  intensity,  scan  rate,  thic^ess  of  layer 
etc.,  control  the  appearance  of  thermal  stresses.  In  order  to  reduce  the  level  of  warpage  in  laser 
sintered  objects,  a  detailed  examination  on  the  role  of  process  parameters  was  performed.  The 


variation  of  process  parameters  is  described  on  two  different  powder  systems,  namely  pure  iron 
(Hoeganaes  ASC  300)  and  a  commercial  steel-based  powder  DirectSteel  50-Vl  (EOS  GmbH, 
Germany). 


Experimental 


The  powder  systems  were  sintered  layer  by  layer  to  the  required  shape  using  EOSINT 
laser  sintering  machine.  The  machine  consists  of  a  powder  handling  system,  a 
continuous  wave  CO2  laser  source  with  related  optics  and  a  process  computer.  When  a  part  is  to 
be  built,  the  CAD  file  is  sliced  into  a  stack  of  thin  layers.  The  powder  is  deposited  on  a  steel 
platform  using  a  doctor  blade.  The  layer  thickness  can  be  varied  from  0.05mm  to  0.2mm.  Then, 
the  laser  beam  is  scanned  on  the  bed  surface.  The  maximum  output  power  is  around  200W.  The 
scan  rate  can  be  in  the  range  of  50  to  175mm/s  for  the  mentioned  materials.  The  building  process 
was  performed  under  nitrogen  atmosphere.  The  build  plate  temperature  can  be  set  to  80°C. 

Two  different  material  systems  were  used.  Pure  iron  powder  type  ASC  1 00  (djo  =  45pm) 
from  Hoeganaes  was  used  to  study  the  effects  of  process  parameters  on  a  one-component  powder 
system.  DirectSteel  50-Vl  (d90  =  35pm)  is  a  commercial  steel-based  powder  from  EOS  GmbH 
for  the  direct  part  production  or  rapid  tooling  applications.  The  powder  system  consists  of  a  low 
melting  phase  which  promotes  liquid  phase  sintering. 

A  steel  sheet  1.1403  (1mm  thickness)  was  fixed  ising  screws  onto  the  build  plate.  A  test 
part  with  dimensions  60mm  x  14mm  (variable  height)  was  then  laser  sintered  on  top  of  the  steel 
sheet.  The  residual  stresses  in  the  laser  sintered  test  part  result  in  a  deflected  steel  sheet.  After 
removing  the  steel  sheet  from  the  build  plate,  the  amount  of  deflection  was  measured  pointwise 
along  the  axes  on  the  backside  of  the  steel  sheet  in  x-  and  y-direction.  The  preeision  of  the  dial 
gauge  was  within  1/100  millimeter  (Fig.  1). 


Figure  1:  Steel  sheet  with  laser  sintered  test  part  (a)  and  device  for  deflection  measurement  (b) 
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Laser  power  intensity,  scan  rate,  hatch  distance,  layer  thickness,  and  number  of  layers 
were  varied  to  examine  their  influence  on  the  amoimt  of  residual  stresses.  Additionally,  several 
scanning  patterns  were  applied.  Here,  the  main  target  is  the  variation  of  the  thermal  gradient  by 
using  different  laser  scan  lengths.  An  overview  of  the  scanning  patterns  is  given  in  figure  2. 
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Figure  2:  Scanning  patterns  used  in  Direct  Metal  Laser  Sintering 


The  scanning  pattern  “Sorted”  is  a  typical  raster  pattern  with  a  short  raster  pattern  in  x 
direction  and  a  long  raster  pattern  in  y-direction.  This  type  can  be  alternating  fi'om  layer  to  layer, 
starting  with  a  short  raster  pattern  for  the  first  layer.  In  the  spiral  pattern,  first  the  laser  scans  the 
contour  continuously  in  a  single  line  scan.  According  to  the  hatch  distance,  the  contour  is  offset 
towards  the  center  of  the  part  and  repeated  when  a  new  single  line  scan  follows.  Scanning  pattern 
“Stripes”  is  a  combination  of  short  and  long  raster  patterns.  Here,  a  short  raster  pattern 
determines  the  width  of  the  stripes.  Stripes  can  overlap  each  other.  "Squares"  normally  are  not 
attached  to  each  other  after  scanning.  The  gap  is  then  closed  by  a  single  line  scan. 


Deflection  Measurements 


Thermal  stresses  and  corresponding  residual  stresses  develop  in  the  densified  structure 
during  laser  sintering.  The  three  dimensional  stress  state  is  characterized  by  their  components  in 
X-,  y-,  and  z-direction.  The  deflection  of  the  steel  sheet  is  a  result  of  the  stress  state  in  the 
densified  structure.  Measurements  of  the  deflection  can  give  a  description  of  preferred  process 
conditions  in  order  to  minimize  warpage. 

Generally,  the  steel  sheet  deflects  in  a  bell  shape.  When  the  steel  sheet  is  removed  from 
the  build  plate,  the  edges  bend  up  whereas  the  center  remains  in  its  original  position.  Figure  3 
depicts  the  influence  of  the  hatch  distance  on  the  deflection  for  the  scanning  pattern  “Sorted”. 
Keeping  all  other  process  parameters  constant,  the  reduction  of  the  hatch  distance  clearly  leads  to 
an  increase  of  deflection. 
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Figure  3:  Effect  of  hatch  distance  on  the  deflection  of  a  steel  sheet  with  laser  sintered  test  part, 
pure  iron,  sorted  with  long  raster  pattern,  50mm/s  scan  speed 

Decreasing  the  hatch  distance  is  equivalent  to  increasing  the  overlap  between  consecutive 
laser  scan  lines.  Practically,  a  lower  hatch  distance  results  in  a  more  localized  heating  of  the 
powder  bed  by  the  laser  source.  In  this  case,  temperature  gradients  must  be  more  pronounced  and 
bring  about  more  thermal  stresses  compared  with  a  more  homogeneous  heating. 
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Figure  4:  Effect  of  sample  height  on  the  deflection  of  a  steel  sheet,  pure  iron,  sorted  with  long 
raster  pattern,  50mm/s  scan  speed 
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Changing  the  number  of  laj^rs  was  used  to  vary  the  height  of  the  laser  sintered  test  part. 
From  figure  4  it  can  be  noted  that  the  amoimt  of  deflection  in  longitudinal  direction  increases 
with  more  layers.  In  contrast,  the  amount  of  deflection  in  transversal  direction  decreases  with 
more  layers.  When  new  powder  is  spread  onto  the  previous  layer  and  densified  by  the  laser  beam, 
thermal  stresses  pile  up.  Neither  annealing  effects  nor  a  saturation  of  this  pile  up  was  not  found. 
However,  the  increasing  deflection  in  longitudinal  direction  restricts  the  deflection  in  transversal 
direction. 

The  effect  of  material  composition  on  the  deflection  of  the  steel  sheet  was  examined  by 
laser  sintering  two  different  powder  systems.  Figure  5  compares  the  results  for  pure  iron  and  a 
commercial  steel-based  powder  DirectSteel  50-Vl.  Although  laser  sintering  of  iron  powder 
seems  to  result  in  less  deflection  compared  with  DirectSteel,  it  must  be  considered  that  iron  is 
densified  only  up  to  75%  theoretical  density  (TD)  but  DirectSteel  up  to  95%  TD.  A  higher  degree 
of  densification  seems  to  promote  the  formation  of  residual  stresses.  Additionally,  during  laser 
sintering  of  DirectSteel  material,  a  considerable  amount  of  liquid  phase  should  exist  in  order  to 
generate  liquid  phase  assisted  sintering.  During  the  solidification  of  the  liquid  and  the 
accompanied  volume  shrinkage,  further  stresses  may  be  induced  into  the  adjacent  densified 
structure. 

In  order  to  minimize  thermal  stresses,  optimized  process  conditions  should  be  chosen. 
However,  some  process  parameters  may  be  contradictory  with  one  another.  For  example,  in 
figure  6  the  amount  of  deflection  is  compared  between  different  types  of  scanning  patterns  using 
various  scan  speeds.  While  a  high  scan  speed  clearly  leads  to  a  significant  reduction  of  residual 
stresses  and,  therefore,  should  be  preferred,  it  also  lowers  the  energy  input  and  decreases  the 
densification. 


Figure  5:  Effect  of  material  composition  on  the  deflection  of  a  steel  sheet,  sorted  with  long 
raster  pattern,  50mm/s  scan  speed 


370 


If  the  applications  are  such  that  high  densities  and  corresponding  good  mechanical 
properties  are  required,  a  lower  scan  speed  must  be  used.  On  the  other  hand,  there  is  still  a  high 
potential  to  exploit  as  the  differences  in  various  scanning  patterns  are  relatively  high.  The  highest 
amount  of  deflection  was  detected  for  the  spiral  pattern.  Due  to  the  long  scan  vector  length, 
temperature  gradients  are  very  high.  The  difference  for  low  and  high  scan  speeds  is  relatively 
small.  Here,  the  spiral  patterns  seems  to  have  a  positive  effect  on  a  homogenized  sample  heating 
as  soon  as  the  outer  contour  scans  are  finished. 


Type  of  Scanning  Pattern 

Figure  6:  Effect  of  various  scanning  patterns  on  the  deflection  of  a  steel  sheet  at  different  scan 
speeds,  pure  iron  (X  =  short  raster  pattern,  Y  =  long  raster  pattern) 

The  lowest  amount  of  deflections  were  detected  for  "square"  and  "stripes"  type  pattern 
with  short  vector  lengths  (x-direction).  But  the  residual  stresses  increase  significantly  when  a 
long  vector  length  (y- direction)  is  applied  for  those  types.  The  difference  between  short  and  long 
raster  pattern  for  type  "sorted"  is  quite  small.  In  contrast  to  the  stripes  pattern,  the  preheating  of 
the  powder  and  substrate  might  not  be  well  enough  by  just  one  progressing  laser  line.  In  stripes 
pattern,  the  preheated  area  is  mostly  determined  by  the  width  of  the  stripe.  If  the  width  of  the 
stripes  was  set  at  an  appropriate  rate  to  the  overall  dimensions  of  the  laser  sintered  structure,  a 
significant  reduction  of  residual  stresses  can  be  expected. 

Conclusions 


This  study  contributes  deflection  measurements  in  order  to  achieve  assessments  for 
thermal  stresses  and  corresponding  residual  stresses  in  laser  sintered  test  parts.  From  the  results  it 
can  be  noted  that  several  factors  including  processing  conditions  and  material  aspects  play  an 
important  role.  To  minimize  residual  stresses,  a  optimum  process  parameters  should  be  chosen. 
However,  some  parameter  sets  which  are  essential  to  other  properties  such  as  density  or  strength 
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of  the  laser  sintered  structure  may  be  contrary  to  the  goal  of  reduced  stresses.  It  was  foimd  that 
such  process  conditions  leading  to  a  higher  densification  by  increasing  the  energy  input  bring 
about  a  higher  deflection  and,  thus,  higher  residual  stresses.  Whenever  a  slightly  lower  final 
density  is  acceptable,  faster  scan  speeds,  larger  hatch  distances,  less  layers  with  higher  layer 
thickness  are  recommended. 

For  different  scanning  patterns,  the  lowest  deflection  was  measured  for  scanning  patterns 
type  "Stripes"  and  "Squares".  However,  the  improvement  highly  (fepends  on  the  direction  of  the 
line  scan.  The  deflection  can  be  minimized  if  a  short  raster  pattern  is  applied.  For  example,  due  to 
the  width  of  the  stripe,  the  laser  beam  more  efficiently  preheats  the  unsintered  powder  and  the 
substrate  material.  This  results  in  a  more  homogeneous  temperature  gradient  and  reduced  thermal 
stresses. 
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Abstract 

A  gas-jet  reagent  delivery  system  for  laser  chemical  vapor  deposition  (LCVD)  is  modeled 
with  respect  to  heat  transfer,  fluid  flow,  and  mass  transport.  A  commercial  package  was  used  to 
model  the  geometry  and  flow  field  surrounding  an  LCVD  reaction  zone.  The  deposition 
temperature  was  analyzed  for  various  materials  and  flow  conditions.  The  forced  flow 
environment  was  compared  against  buoyancy- driven  flow,  which  is  more  typical  of  a  statically 
filled  chamber.  A  finite  difference  code  was  also  developed  to  analyze  the  effect  of  the  gas-jet 
on  the  concentration  gradients  above  the  deposition  zone. 

Introduction 

The  current  study  involves  the  development  of  a  thermal  and  fluid  flow  model  of  Georgia 
Tech's  gas-jet  LCVD  system,  which  uses  a  localized  gas-jet  to  deliver  reagent  gases  directly  to 
the  deposition  zone.  This  system  is  described  in  detail  elsewhere.*’^  No  prior  research, 
excluding  our  earlier  efforts,^  has  analyzed  the  effect  of  an  angled  gas-jet  on  a  laser  heated,  non- 
isothermal  surface. 

Successful  operation  of  an  LCVD  system  demands  that  the  fundamentals  of  the  process 
are  well  understood.  Since  CVD  is  a  thermally  activated  process,  the  most  important  process 
variable  is  temperature.  In  a  laser-heated  process  such  as  LCVD,  the  temperature  field  is 
restricted  to  a  micron  scale  and  can  vary  by  several  himdred  degrees  over  the  diameter  of  the 
laser  spot.  Deposition  rates  typically  follow  an  Arrhenius  relationship  that  is  exponential  with 
respect  to  temperature,  so  it  is  critical  to  understand  these  two-dimensional  temperature 
variations. 

The  deposition  rate  for  a  given  material  can  be  limited  by  either  the  chemical  kinetics  of 
the  reaction  or  by  diffusion  and  mass  transport  of  reagent  gases  to  and  away  fi*om  the  deposition 
zone.  The  gas-jet  reagent  supply  for  the  LCVD  system  was  designed  to  remove  the  latter 
constraint  by  directing  a  high  velocity  stream  of  reagent  gases  at  the  area  heated  by  the  laser 
beam.  However,  the  need  and  impact  of  such  a  system  has  yet  to  be  determined.  Therefore,  a 
two-dimensional  concentration  model  was  developed  to  estimate  the  effects  of  the  gas-jet  with 
respect  to  local  concentration  variations  and  reaction  rates. 
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Background 


Since  temperature  is  such  an  important  variable  in  LCVD,  a  number  of  anal5hical  and 
numerical  attempts  have  been  made  over  the  years  to  model  the  temperature  variations  within 
and  around  the  laser  heated  zone.'*’^  The  majority  assumed  a  Gaussian  distributed  laser  beam  and 
emphasized  conduction  as  the  primary  heat  transfer  mode.  Conduction  has  been  stressed 
because  the  temperature  distribution  is  typically  calculated  for  an  infinite  or  semi-infinite  flat 
substrate.  In  this  case,  the  pathways  available  for  conduction  are  relatively  large  compared  to  the 
surface  area  that  is  available  to  eonvection  and  radiation  losses.  When  more  complicated 
geometries  were  considered,  such  as  during  fiber  growth,^  conduetion  was  restricted  by  the  small 
fiber  diameter  and  a  larger  surface  area  became  available  for  convection  and  radiation  losses. 

A  few  thermal  models  have  included  the  effect  of  forced  flow  convection  on  a  laser 
heated  substrate.  As  early  as  1977,  Steen  developed  a  finite  element  model  that  included  a 
non-reacting  gas  jet  that  was  coaxial  with  the  laser  beam  and  normal  to  the  substrate  surface.  He 
found  that  forced  convection  and  radiation  heat  transfer  losses  were  indeed  significant  for  a 
temperature  sensitive  process.  More  recently,  Lovell*  mapped  the  local  heat  transfer  coefficient 
on  an  isothermal  substrate  subjeeted  to  forced  flow  at  various  angles  of  impingement. 

Some  LCVD  thermal  models  have  been  extended  to  include  the  mass  transport  of  reagent 
gases  and  the  prediction  of  deposition  rates.  Kinetic  models  for  deposition  near  the  substrate 
have  been  proposed  by  Han  and  Jensen^  for  copper  deposition,  and  by  Mazumder  and  Kar'^  for 
titanium  and  titanium  nitride  deposition.  Zhang  and  Faghri'®  recently  proposed  a  three- 
dimensional  model  of  the  SALD  process  that  included  heat  transfer,  mass  transport,  and  the  loss 
of  reagents  to  the  deposition  reaction.  However,  no  model  has  addressed  the  viscous  flow 
contribution  of  an  impinging  gas-jet  to  the  mass  transport  of  reagent  gases. 


Model  Development 

Physical  System  Description 

Georgia  Tech's  LCVD  system  is  a  dual 
chamber  design  that  protects  the  high 
precision  stage  assembly  in  the  lower  chamber 
from  the  LCVD  reactions  in  the  upper 
chamber.  A  cross  section  of  the  upper 
chamber  is  shown  in  Figure  1.  A  Gaussian 
distributed  CO2  laser  beam  enters  vertically 
through  the  top  of  the  chamber  and  heats  a  200 
pm  diameter  zone  on  the  circular  graphite 
substrate.  A  resistive  heating  element  inside  a 
ceramic  housing  is  located  just  below  the 
substrate  to  provide  global  heating.  Reagent 
gases  are  delivered  locally  through  a  high 
velocity  gas  jet  that  impinges  the  substrate  at  a 
45°  angle.  Patterned  deposits  are  created  by 
rotating  and  translating  the  substrate  via  the 
stage  assembly. 


Argon -Cooled 
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Thermal  and  Fluid  Flow  Models 


Both  two-dimensional  and  three-dimensional  thermal  and  fluid  flow  models  were 
developed  using  a  commercial  CFD  package  called  FLUENT.  The  basic  geometry  and  boundary 
conditions  for  each  of  the  models  are  illustrated  in  Figures  2  and  3.  For  both  cases,  a  user- 
defined  function  simulated  laser  heating  as  a  Gaussian  distributed  energy  source  in  the 
uppermost  layer  of  elements  of  the  substrate  volume,  according  to  Equation  1. 


P{r)  = 


2^0  (1-p) 
nr^t 


(Eqn.  1) 


where  Po  is  the  laser  power,  p  is  the  substrate  reflectivity,  Vo  is  the  nominal  laser  radius,  t  is  the 
penetration  depth,  and  r  is  the  variable  radius.  For  our  setup,  ro  was  100  pm,  Po  varied  up  to  100 
W,  and  t  was  typically  <  5  pm. 

The  two  dimensional  model  served  as  a  platform  for 
comparing  the  thermal  behavior  of  various  substrate  materials 
when  heated  by  a  Gaussian  laser  beam.  Figure  2  shows  the 
basic  system  setup,  in  which  the  top  of  the  graphite  shaft 
serves  as  the  initial  substrate.  For  further  comparisons,  a 
given  thickness  of  an  alternate  substrate  material  covers  the 
top  surface  of  the  graphite  substrate.  The  thermal  and  optical 
properties  of  the  substrate  materials  were  considered  constant 
with  respect  to  temperature,  excluding  thermal  conductivity. 

Figure  2. 2D  Thermal  /  Fluid  Model. 

The  two  dimensional  model  was  axisymmetric  and  did  not  accoimt  for  fluid  movement. 
Instead,  the  convection  cooling  effects  associated  with  the  gas  jet  were  approximated  by  a 
constant  heat  transfer  coefficient  across  the  top  surface  of  the  substrate.  The  substrate  was 
modeled  as  a  circular  piece  of  graphite  with  a  diameter  of  75  mm  and  a  thickness  of  6.4  mm. 
The  side  wall  of  the  substrate  holder  was  also  composed  of  graphite  and  was  19  mm  tall  with  a 
thickness  of  6.4  mm.  The  third  component  of  the  substrate  base  was  a  ceramic  heater  material 
13  mm  thick.  The  bottom  surface  of  the  model  was  thermally  insulated,  while  the  side  surfaces 
had  a  heat  transfer  coefficient  of  5  W/m^K.  Radiation  effects  were  included  for  each  exterior 
surface,  assuming  a  view  factor  of  1  to  the  chamber  walls.  Contact  resistance  was  ignored. 


The  three-dimensional  model  was  extended  25  mm 
above  the  graphite  substrate  to  include  the  gas-jet  inlet.  The 
upper  and  outer  boxmdaries  of  the  gas  volume  were  modeled  as 
pressure  outlets.  The  1  mm  diameter  gas-jet  was  inclined  at  a 
45°  angle  to  the  substrate  with  a  standoff  distance  of  10  mm. 

The  reagent  flow  was  specified  at  the  inlet  as  a  normal  velocity 
corresponding  to  mass  flow  rates  of  0  to  5000  seem.  Since  a  3D 
model  focuses  more  on  fluid  interactions  with  the  substrate 
surface,  the  geometry  of  the  substrate  holder  was  reduced  to  a 
solid  graphite  cylinder  25  mm  thick  and  75mm  in  diameter. 

This  was  shown  to  result  in  less  than  a  1%  error  in  temperature  predictions.  Thermal  boundary 
conditions  matched  the  two  dimensional  case,  excluding  the  constant  heat  transfer  coefficient 
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across  the  top  surface  of  the  substrate.  A  vertical  plane  of  symmetry  along  the  axis  of  the  gas-jet 
was  utilized,  as  demonstrated  in  Figure  3. 

Transport  and  Concentration  Gradient  Model 


A  gas-jet  delivery  system  is  expected  to 
aid  mass  transport  of  reagent  gases  to  the 
deposition  zone,  thus  increasing  the  deposition 
rate.  In  order  to  judge  the  effectiveness  of  such  a 
system,  a  steady  state,  two-dimensional  finite 
difference  code  has  been  developed.  The 
governing  equation  for  mass  transport  includes 
macroscopic  fluid  flow,  diffusion,  and  a  sink 
term  that  represents  the  consumption  of  reagents 
at  the  surface.  The  temperature  and  fluid 
velocity  throughout  the  domain  were  accepted  as 
input  from  the  3D  thermal  and  fluid  flow  model 
previously  described.  The  diffusion  term  was 
calculated  at  each  node  using  the  Chapman- 
Enskog  method.  At  the  surface,  the  sink  term 


O 
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Figure  4.  Concentration  Model  Conditions 


was  nonzero  and  equal  to  kCP,  where  k  is  the  rate  constant  according  to  the  Arrhenius  equation, 
C  is  the  local  concentration,  and  n  is  the  order  of  the  reaction.  After  applying  the  boundary 
conditions  in  Figure  4,  the  governing  equation  was  solved  iteratively  for  the  concentration 
throughout  the  domain.  Although  this  model  is  simplistic  in  nature,  it  is  a  valuable  qualitative 
tool  for  estimating  the  effects  of  the  gas-jet  on  the  deposition  process. 


Model  Evaluation  and  Results 


2D  Thermal  Model 


The  two-dimensional  thermal 
model  was  evaluated  for  three 
different  substrate  materials:  graphite, 
silicon,  and  tungsten.  The  model  was 
empirically  verified  for  the  first  two 
materials  over  a  range  of  flow  rates. 
Only  a  rough  agreement  was 
achieved  at  high  flowrates  due  to 
exothermic  reactions  or  poor 
alignment  of  the  gas-jet.  Figure  5 
shows  the  peak  temperature  on  each 
substrate  as  a  function  of  laser  power. 
Note  that  peak  temperature  increases 
as  thermal  conductivity  decreases, 
from  108  W/mK  for  tungsten  to  23 
W/mK  for  silicon  at  1400  K. 


Laser  Power  (W) 


Figure  5.  Substrate  Peak  Temperature  vs.  Laser  Power 
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Not  only  does  the  peak  temperature  change  due  to  the  material  properties,  but  the  shape 
of  the  temperature  distribution  changes  as  well.  Note  in  Figure  6  how  the  temperature  profile  for 
silicon  is  much  more  narrow  than  that  of  tungsten.  For  LCVD,  this  means  that  it  is  more  difficult 
to  achieve  high  resolution  deposits  on  highly  conductive  substrates  such  as  tungsten.  The 
cooling  effect  of  the  gas-jet  is  approximated  in  Fi^e  7  by  changes  in  the  heat  transfer 
coefficient.  A  drop  of  150°  C  from  h  =  5  to  50  W/m^K  is  roughly  equivalent  to  increasing  the 
flow  rate  from  100  to  1500  seem. 


3D  Thermal  and  Fluid  Flow  Model 


The  three-dimensional  case  models  the  fluid  flow  in  the  volume  above  the  deposition 
zone.  Substrate  temperature  profiles  and  peak  temperatures  correlated  well  with  the  tvo- 
dimensional  models.  Once  again,  verification  experiments  provided  a  rough  guideline  for  peak 
temperatures  and  cooling  trends.  Figure  8  demonstrates  a  typical  velocity  magnitude  profile  for 
the  gas-jet  along  the  vertical  symmetry  plane  of  the  model.  The  effects  of  flow  rate  on  the 
temperature  profiles  for  a  graphite  substrate  are  shown  in  Figure  9.  The  flow  was  composed  of 
80%  methane  and  20%  hydrogen. 


Substrate  Temp  Along  Centerline;  Po=44W 


Figure  8.  Velocity  Magnitude  (m/s)  Above  Substrate.  Figure  9.  Temperature  Profile  vs  Methane  Flow. 
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Figure  10  quantitatively  illustrates  the  velocity  profiles  at  the  center  of  the  laser  spot  as  a 
function  of  the  vertical  distance  from  the  substrate.  The  height  from  the  substrate  is  measured 
directly  above  the  center  of  the  laser  spot  in  each  case.  Figure  10a  shows  that  the  maximum 
horizontal  velocity  imparted  by  the  gas-jet  occurs  less  than  400  pm  fom  the  surface.  The 
maximum  for  the  vertical  component  of  flow,  directed  down  ward  onto  the  substrate  surface, 
occurs  at  roughly  twice  this  distance. 


Horizontal  Velocity  Along  Shaft  Axis  Downward  Velocity  Along  Shaft  Axis 


Figure  10.  (a)  Horizontal  and  (b)  Vertical  Velocity  vs.  Distance  Away  From  Substrate  Surface. 


Natural  Convection 


A  separate  model  was  developed  to 
investigate  the  effect  of  buoyancy-driven  upward  gas 
velocity  due  to  density  gradients  induced  by  laser 
heating  of  the  substrate  surface.  The  surface 
temperature  profile  for  the  case  of  zero  flow  was 
applied  to  the  base  of  an  axisymmetric  two- 
dimensional  model.  The  fluid  consisted  of  a  methane 
/  hydrogen  mixture  modeled  as  an  ideal  gas.  Pressure 
outlet  boundary  conditions  were  applied  at  the  top 
and  side  surfaces.  Figure  1 1  shows  the  axial  velocity 
resulting  from  buoyancy-driven  flow.  Notice  that  the 
maximum  upward  velocity  also  occurs  around  400 
pm,  but  is  on  the  order  of  1  mm/s  --  three  orders  of 
magnitude  below  velocities  created  by  the  gas-jet! 
Although  natural  convection  may  be  a  concern  during 
deposition  in  an  otherwise  static  atmosphere,  the 
buoyancy  effects  on  the  gas-jet  LCVD  process  can  be 
safely  ignored  when  modeling  forced  flow. 


- Radial  Distance  - 

Figure  11.  Natural  Convection  Velocity 
Above  Substrate 
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Mass  Transport  Model 


At  the  time  of  publication,  the  mass  transport  model  was  in  the  early  stages  of  empirical 
verification.  Preliminary  results  were  in  agreement  with  recent  experiments  involving  the 
deposition  of  carbon  fibers  from  a  mixture  of  80%  methane  and  20%  hydrogen  at  1 
atmosphere.**  Both  the  experimental  data  and  the  mass  transport  model  indicated  that  fiber 
growth  was  kinetically  limited  at  peak  temperatures  arormd  1500°C.  Therefore,  the  model 
predicted  minimal  concentration  gradients  during  steady  state  growth. 

To  this  point,  the  transport  model  results  have  been  very  sensitive  to  the  kinetic  constants 
that  specify  the  rate  of  consumption  of  reagent  gases.  For  the  results  just  described,  tie 
following  values  were  used:  activation  energy  {Q=  \1 6  kJ/mol),  pre-exponential  constant  (ko  = 
2.6  X  10*^  m/s),  and  reaction  order  (n  =  3.47).  Alternate  values  for  these  constants,  especially  the 
reaction  order,  lead  to  significant  changes  in  the  concentration  gradients  predicted  by  the  mass 
transport  model.  The  binary  diffusion  coefficient  also  impacts  the  model  substantially. 
Therefore,  this  model  may  be  very  useful  in  future  experiments  involving  the  deposition  of  other 
materials  or  of  carbon  from  different  reagent  sources. 

Conclusions 

An  angled  gas-jet  has  been  shown  to  have  a  significant  impact  on  both  the  peak 
temperature  and  temperature  profile  of  a  laser-heated  substrate.  The  effect  of  natural  convection 
on  fluid  flow  was  shown  to  be  insignificant  when  modeling  forced  flow  from  a  gas-jet.  The 
maximum  velocity  imposed  by  the  gas-jet  occurs  just  400  pm  above  the  surface  and  varies 
proportionally  to  flow  rate.  It  can  be  assumed  that  the  fluid  in  this  high  velocity  zone  is 
composed  of  fresh  reagent  gases,  supporting  the  concept  that  a  gas-jet  could  aid  in  mass  transport 
and  diffusion.  Although  the  effect  of  the  gas-jet  on  a  diffusion- limited  deposition  process  has  yet 
to  be  determined,  the  mass  transport  model  has  been  empirically  verified  for  a  kinetic  limited 
process  and  will  serve  as  a  valuable  tool  in  future  work. 
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Abstract 


A  very  attractive  application  of  Solid  Freeform  Fabrication  is  manufacture  of  prosthesis  sockets 
for  below-the-knee  amputees.  The  custom  geometric  design  required  is  very  compatible  with 
SFF  techniques.  The  present  work  focuses  on  finite  element  analysis  of  sockets  manufactured  by 
Selective  Laser  Sintering  using  Duraform  as  the  material.  The  objective  is  to  ensure  reliability  of 
the  sockets  for  their  use  by  patients.  This  paper  describes  the  finite  element  models  developed 
for  the  sockets,  as  well  as  the  derivation  of  realistic  boundary  conditions  that  may  allow  a 
simulation  of  the  structure  under  regular  workloads. 

1)  Introduction 

The  use  of  Selective  Laser  Sintering  (SLS)  in  the  manufacture  of  prosthesis  sockets  for 
below-the-knee  amputees  has  been  recognized  as  an  appropriate  potential  application  of  Solid 
Freeform  Fabrication  [Rogers  et  al.,  1991].  However,  to  ensure  the  reliability  of  these  sockets 
and  their  safety  for  users  requires  a  complete  structural  analysis  of  their  mechanical  behavior 
during  operation.  The  focus  of  the  current  work  is  a  finite  element  (FE)  evaluation  of  the 
performance  rmder  standard  conditions  of  one  sort  of  socket,  the  single-wall  socket. 

This  paper  is  structured  as  follows;  first,  the  single  wall  socket  design  is  presented, 
followed  by  the  development  and  validation  of  its  FE  model.  Next,  the  standard  workloads 
during  gait  are  defined  as  boundary  conditions  for  the  FE  analysis.  Finally,  the  results  of  the 
simulations  of  two  sockets  that  were  actually  manufactured  are  exhibited. 

2)  The  single  wall  socket 

The  single  wall  socket,  as  seen  in  Figure  1,  consists  of  an  upper  part,  where  the  residual 
limb  fits,  and  a  lower  region,  which  is  a  hollow  cylinder  where  a  pylon  is  attached  with  a 
prosthetic  foot  at  its  other  end.  The  first  step  in  the  design  and  manufacture  of  the  socket  is 
fabrication  of  a  mold  from  the  patient’s  residual  limb,  from  which  a  copy  of  the  limb  is  obtained. 
This  copy  is  digitized  with  a  laser  scanning  system.  From  this  data,  a  perfectly  fitting  model  of 
the  socket  is  designed  using  computer-aided  geometric  operations  on  the  data  mesh.  The 
thickness  of  the  socket  wall  is  decreased  around  specific  points  to  provide  compliance  in  those 
areas.  The  compliant  regions  relieve  pressure  on  sensitive  spots  of  the  patient’s  limb,  such  as  the 
fibular  head  and  distal  tibia  regions,  thereby  increasing  comfort.  Thus,  tessellated  data  file  (STL) 
is  generated  from  this  model  and  transmitted  to  a  Selective  Laser  Sintering  workstation  for 
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fabrication.  The  material  used  is  Duraform,  the  physical  properties  of  which  are  given  in 
Table  1. 


Figure  1.  The  single  wall  socket 

Table  1.  Duraform  properties  provided  by  Product  Innovation  &  Development  Centre, 

Liverpool,  UK. 


..  Dura  Form  PA 
units 


Specific  Density  20° 

g/cm_ 

0.97 

Water  Absorption 

% 

0.41 

Density 

g/cm_ 

0.59 

Average  Particle  Size 

pm 

58 

Particie  Size  Range 
90% 

pm 

25  92 

Tensile  Strength 

Break 

MPa 

44 

Tensile  Strength  Yield 

MPa 

37 

Tensile  Modulus 

MPa 

1600 

Tensile  Elongation  at 

% 

Q 

break 

-7 

Fiexural  Modulus 

MPa 

1285 

Impact  Strength 
Notched  Izod 

J/m 

216 

Un notched  Izod 

J/m 

432 

As  SLS  processed,  Ra  pm  8.5 

After  polishing,  Ra  pm  0.13 
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3)  The  Finite  Element  Model 


The  STL  data  file  of  a  socket  consists  of  a  collection  of  48,000  triangular  faces  that 
define  the  socket  surface  in  space.  This  level  of  detail  would  potentially  result  in  unnecessary 
and  time-consuming  data  preparation  and  analysis.  Thus,  the  first  step  to  generate  the  FE  model 
is  to  apply  a  reliable  mesh  decimation  algorithm  to  the  STL  file.  We  use  Amira'  to  perform  the 
decimation  operation.  As  seen  in  Figure  2,  the  decimated  version  has  2000  faces,  but  the  overall 
geometric  details  and  features  are  well  preserved  (especially  the  thicknesses  of  the  wall,  which  is 
fundamental  for  the  structural  analysis). 


Figure  2.  A  section  of  the  original  STL  model  (48000-1-  faces)  and  the  decimated  version  (2000 

faces). 

Once  decimated,  the  STL  file  is  loaded  into  Rhinoceros^,  where  the  triangular  faces  of  the 
model  are  converted  to  parametric  surfaces  (NURBS)  and  exported  as  an  IGES  file.  The  IGES 
format  is  readable  by  SDRC  I-DEAS^  for  FE  analysis.  In  I-DEAS,  the  volume  is  meshed  with 
solid  elements  (parabolic  tetrahedra),  assigned  material  properties  and  appropriate  boundary 
conditions,  and  analyzed. 

4)  FE  Model  Validation 

In  order  to  validate  the  results  of  the  FE  structural  analysis,  an  actual  socket  was  tested  to 
determine  the  vertical  load  that  causes  mechanical  failure.  The  test  is  illustrated  schematically  in 
Figure  3. 


'  Amira  is  3D  Visualization  package  developed  by  Indeed-Visual  Concepts  GmbH,  Berlin,  Germany. 
^  Rhinoceros  is  a  3D  modeling  package  offered  by  McNeel  &  Associates,  Seattle,  WA. 

^  I-DEAS  is  a  CAD/CAE/CAM  package  provided  by  SDRC,  Milford,  OH. 
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Figure  3.  Experimental  loading  test  to  determine  the  maximum  vertical  load  a  socket  supports. 

The  results  were  computed,  as  the  load  was  gradually  increased,  in  a  force-strain  graphic, 
shown  in  Figure  4.  The  figure  indicates  that  the  socket  fails  at  a  test  load  of  10  kN. 


i 

♦ 

r**i\  ? 


Figure  4.  Results  of  the  experimental  loading  test. 

Similarly,  a  FE  model  equivalent  to  the  physical  model  in  Figure  3  was  analyzed.  Using 
the  properties  shown  in  Table  1,  it  was  determined  through  repeated  simulations  that  the  socket 
reaches  the  ultimate  tensile  strength  for  Duraform  (44  MPa)  under  a  load  of  6  kN.  The 
simulation  results  for  a  6  kN  vertical  load  are  shown  in  Figure  5. 
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Figure  5.  Results  for  the  simulation  of  the  loading  test  using  FE  analysis. 

The  difference  between  the  ultimate  load  for  the  empirical  test  and  the  FE  analysis  may 
be  explained  by  the  fact  that  the  socket  used  on  the  first  one  was  infiltrated  with  cyanoacrylate, 
which  increases  the  tensile  strength  of  the  part.  Qualitatively,  however,  the  location  where  the 
actual  socket  cracked  matched  exactly  the  region  of  largest  stress  predicted  by  the  FE  analysis. 

5)  Finite  Element  Analysis  of  Gait 

In  order  to  simulate  the  structural  behavior  of  the  FE  model  of  the  socket  during  gait,  it  is 
necessary  to  evaluate  the  loads  applied  by  the  residual  limb.  Figure  6,  from  Noguchi  et  al. 
[2000],  shows  the  components  of  the  ground  reaction  force  of  the  foot  in  one  stride  (with  z  being 
the  direction  of  the  weight  and  x  the  direction  of  progress)  in  terms  of  percentage  of  body  weight. 
Note  that  during  the  double  supporting  period  (between  heel  contact  of  one  foot  and  toe  contact 
of  the  other  —  when  both  feet  are  in  contact  with  the  ground),  the  forces  have  their  greatest 
values,  especially  in  positions  A  and  B.  Therefore,  those  two  positions  were  analyzed  in  a  worst 
case  scenario,  with  all  forces  applied  exclusively  to  the  prosthetic  foot. 
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Figure  6.  Components  of  ground  reaction  force  of  feet  during  gait  [Noguchi  et  al.,  2000]. 

The  boundary  conditions  for  the  FE  model  were  calculated  using  the  values  for  the  forces 
in  both  positions  A  and  B,  as  shown  in  Figure  7.  In  the  figure,  Fr  is  the  horizontal  resultant  force 
due  to  Fx  and  Fy  and  Mr  is  the  moment  needed  to  balance  the  forces  transferred  from  the  ground 
to  the  middle  of  the  socket. 
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6)  Simulations 

Two  sockets  were  simulated  for  both  positions  A  and  B  (Figure  6)  using  the  FE  analysis 
procedure  described  in  Section  3.  The  patient  was  assumed  to  have  a  body  mass  of  75  kg. 

The  first  socket  analyzed  had  a  notch  in  the  junction  between  the  base  cylinder  and  the 
lower  thinner  part  in  the  front  of  the  socket,  as  seen  in  Figure  8.  This  socket  was  actually 
fabricated  and  broke  while  the  patient  was  wearing  it.  The  simulation  results  for  this  socket  in 
position  A  are  presented  in  Figure  9  (stresses  are  given  in  Pa).  The  simulation  results  for  the 
same  socket  in  position  B  are  presented  in  Figures  10  (stresses  in  Pa)  and  11  (displacement  in 
meters). 


Figure  8.  First  socket  simulated. 


Figure  9.  Predicted  stresses  for  first  socket  in  position  A. 
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Figure  10.  Predicted  stresses  for  first  socket  in  position  A. 
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Figure  11.  Predicted  displacements  for  first  socket  in  position  B. 
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The  second  socket  analyzed  was  designed  with  software  with  improved 
smoothing  features,  and  is  shown  in  Figure  12.  This  socket  was  also  fabricated  and  has  been 
used  by  the  patient  without  failure.  The  simulation  results  for  this  second  socket  in  position  A 
are  shown  in  Figure  13  (stresses  in  Pa).  The  simulation  results  for  the  same  socket  in  position  B 
are  presented  in  Figures  14  (stresses  in  Pa)  and  15  (displacement  in  meters). 


Figure  13.  Predicted  stresses  for  second  socket  in  position  A. 
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Figure  14.  Predicted  stresses  for  second  socket  in  position  B  -  bottom-left-front  view. 
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Figure  15.  Predicted  displacements  for  second  socket  in  position  B. 
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It  should  be  pointed  out  that  for  both  sockets  the  greatest  stresses  were  computed  for 
position  B,  even  though  the  load  values  for  position  A  were  slightly  larger  (see  Figure  6).  Also, 
the  analysis  predicted,  for  position  B,  greater  maximum  stress  for  the  first  socket  (15.5  MPa) 
than  the  second  socket  (14.6  MPa).  However,  this  still  does  not  explain  the  failure,  since  this 
maximum  stress  is  considerably  less  than  the  yield  strength  for  Duraform  (37  MPa  -  Table  1). 
Additionally,  the  maximum  displacement  for  each  socket  was  less  than  2  mm,  which  preserves 
the  biomechanics  of  the  gait  [Stephens,  1999]. 

7)  Conclusion 

This  paper  presents  a  procedure  for  finite  element  based  structural  analysis  for  a  below- 
the-knee  prosthetic  socket.  Verification  of  the  FE  model  and  the  simulation  of  two  actual 
sockets  are  discussed.  While  the  results  agree  qualitatively,  the  actual  numerical  results  differ 
significantly.  To  address  this  disagreement,  a  more  precise  FE  simulation  algorithm  will  be 
tested  (p-adaptive  method).  Also,  more  precise  material  properties  for  Duraform  must  be 
obtained.  Both  Thompson  [1995,  1997]  and  Watson  [1999]  illustrated  the  orthotropic  behavior 
of  Duraform,  which  depends  highly  on  the  direction  of  the  parallel  layers  of  the  material  in  the 
structure  (defined  during  manufacture)  with  respect  to  the  direction  of  the  stresses  applied. 
Finally,  both  impact  and  fatigue  studies  should  be  addressed  in  order  to  provide  a  more  accurate 
structural  analysis  of  the  socket,  as  these  modes  of  failure  are  likely  to  occur  in  real  sockets. 
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ABSTRACT 

Selective  Area  Laser  Deposition  Vapor  Infiltration  (SALDVI)  is  a  developing 
solid  freeform  fabrication  (SFF)  technique  in  which  porous  layers  of  powder  are 
densified  by  infiltrating  the  pore  spaces  with  solid  material  deposited  from  a  gas 
precursor  during  laser  heating.  A  3D  finite  element  model  was  developed  that  simulates 
SALDVI  of  silicon  carbide.  The  model  predicts  the  laser  input  power  and  the  distribution 
of  vapor  deposited  SiC  within  the  powder  bed  as  well  as  on  the  surface  of  the  powder  bed 
(SALD).  The  model  considers  a  moving  Gaussian  distribution  laser  beam,  temperature- 
and  porous-dependent  thermal  conductivity,  specific  heat  and  temperature-dependent 
deposition  rate.  Furthermore,  the  model  also  includes  closed-loop  control  of  the  laser 
power  to  achieve  a  desired  target  processing  temperature  on  the  top  surface  of  the  power 
bed.  The  simulation  results  agree  fairly  well  with  experimental  data  for  simple 
geometries  and  offer  guidelines  for  fiirther  experimental  studies  of  the  SALDVI  process. 

Keywords:  Finite  element  modeling,  Silicon  carbide.  Solid  freeform  fabrication, 
Selective  Area  Laser  Deposition  Vapor  Infiltration. 


INTRODUCTION 

Chemical  vapor  infiltration  (CVI)  is  a  promising  process  where  a  vapor -phase 
precursor  is  transported  into  the  porous  preform,  and  a  combination  of  gas  and  surface 
reactions  leads  to  the  deposition  of  the  solid  matrix  phase  and  densities  the  part. 
Selective  Area  Laser  Deposition  Vapor  Infiltration  (SALDVI)  process  which  combines 
the  Selective  Area  Laser  Deposition  (SALD)  process  and  the  CVI  process  is  a  developing 
solid  freeform  fabrication  (SFF)  technique  aimed  at  the  direct  fabrication  of  ceramic  and 
ceramic/metal  structures  and  composites.  SALDVI  experiments  have  shown  that  the  size 
and  geometry  of  the  densified  part  depend  in  large  part  on  the  temperature  distribution  in 
the  SALDVI  workpiece  among  other  parameters  [1].  The  understanding  of  the 
temperature  distribution  in  the  SALDVI  process  is  very  important  to  achieve  the  insight 
into  the  effect  of  various  process  parameters  on  the  shape  of  the  SALDVI  workpiece. 
During  the  SALDVI  process  the  relative  density  of  the  workpiece  continuously  changes 
with  processing  time  until  it  reaches  near  full  density.  Because  of  such  continuous 
changes  in  the  relative  density  and  thus  the  continuous  change  in  thermal  conductivity  of 
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the  SALDVI  workpiece,  the  transient  temperature  field  of  the  SALDVI  workpiece  is  too 
complex  to  calculate  by  analytical  methods.  The  development  of  finite  element  modeling 
(FEM)  has  offered  opportunities  to  solve  it.  Many  efforts  of  numerical  modeling  have 
been  carried  out  to  investigate  the  effect  of  various  processing  parameters  on  the  SALD 
process.  However,  the  SALDVI  process  has  its  specific  features  compared  with  the 
general  SALD  process.  The  present  study  provides  3-dimensional  thermal  analyses  of  the 
SALDVI  process.  It  will  provide  guidance  for  intelligent  selection  of  various  parameters 
and  help  to  understand  other  SFF  processes  involving  powder-to-dense-body  transition 
such  as  selective  laser  sintering  (SLS). 


MODEL  DESCRIPTION 

The  goal  of  this  modeling  effort  is  to  simulate  the  SALDVI  process  in  which  a 
porous  powder  bed  is  locally  densified  by  laser  chemical  vapor  infiltration.  The  effect  of 
the  laser  processing  conditions  on  the  size,  geometry,  and  densification  history  of  the 
workpiece  during  processing  is  evaluated.  The  finite  element  model  used  for  this  purpose 
is  shown  in  Figure  1  and  calculated  using  the  ANSYS  3-dimensional  thermal  conductive 
element  (SolidTO).  This  model  is  used  to  calculate  the  temperature  distribution  in  the 
powder  bed  due  to  laser  heating.  The  local  Chemical  Vapor  Deposition  (CVD)  growth 
rate  in  the  powder  bed  is  calculated  from  the  local  temperature  and  the  resulting  change 
in  powder  bed  density  b  determined.  The  density-dependent  physical  properties  of  the 
workpiece  are  updated  and  are  used  to  calculate  the  new  temperature  distribution.  In  this 
step-wise  manner,  the  evolution  of  densification  by  the  Laser  Chemical  Vapor  Infiltration 
(LCVI)  is  modeled.  The  powder  bed  before  densification  is  assumed  to  have  a  dimension 
of  14-mm  length  (L=14mm),  4-mm  width  (W=4mm)  and  1.2-mm  height  (H=1.2mm). 
Thus,  the  powder  bed  in  this  study  is  very  thick  in  comparison  with  the  layer-by-layer 
fabrication  technique,  which  typically  has  a  powder  layer  thickness  less  than  0.5  mm. 
However,  the  present  simulation  allows  for  assessment  of  building  the  first  solid  layer 
fi-om  a  thick  powder  bed  rather  than  from  a  thin  powder  layer  on  the  top  of  a  solid 
substrate  or  a  previously  densified  layer.  Densification  of  thin  powder  layer  will  be 
modeled  in  the  future  effort. 

As  shown  in  Figure  1,  the  SALDVI  process  is  modeled  by  scanning  a  laser  beam 
along  the  surface  of  a  powder  bed  at  a  uniform  velocity  and  calculating  the  resulting 
temperature  distribution.  In  this  model  the  laser  beam  is  modeled  as  a  heat  flux  with  a 
Gaussian  power  distribution  as  an  incoming  heat  source. 

In  SALDVI  experiments,  an  optical  pyrometer  is  used  to  continually  monitor  the 
temperature  distribution  at  the  surface  of  the  powder  bed  during  laser  heating.  This 
pyrometer  temperature  is  used  as  the  feedback  parameter  in  a  closed-loop  control 
program  that  adjusts  the  incident  laser  power  as  needed  to  achieve  a  desired  constant 
pyrometer  temperature.  In  the  simulation,  h  order  to  simulate  the  closed  loop  control 
program  used  in  the  experiments,  the  laser  power  is  modified  from  one  time  step  to  the 
next  if  the  pyrometer  simulation  temperature  differs  from  the  desired  target  temperature. 
This  step  can  make  the  temperature  read  by  pyrometer  approach  the  desired  target  surface 
temperature  in  the  simulation. 
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Figure  1.  Finite  element  model  of  the  SALDVI  process. 


The  thermal  conductivity,  Kt^[W/MM-K],  is  a  thermal  and  solid  fraction 
dependent  parameter  that  is  given  by  equations  (1)  and  (2) 

For  42  %  dense  15  |Xm  diameter  SiC  powder  [2]: 

Kt  =3.127*10-^7’'’^'"’'(l-P„)/0.42  when  1  - P„  < 0.42  (1) 

and  when  sufficient  CVI  has  occurred  forming  a  continuous  solid  network,  there  are  a 
upper  bound  and  a  lower  bound  [2-3] 

Kto  =12.709r^*®'"'(l-P„)'^  (2a) 

=24.7r“''*®'(l-P„)‘-'  (2b) 

In  this  model,  the  effective  thermal  conductivity  K^.  is  taken  between  the  upper  bound 
and  the  lower  bound. 

=  O.lKju  +  when  1  -  ?„  >  0.42  (2c) 

where  Pn  is  the  porous  fraction  at  step  n,  and  T  is  the  temperature  at  step  n. 

The  specific  heat  is  given  by  [4] 

Cp=(}-P„ )90. 1 4428T®”' ' '  [J/Kg.K]  (3) 

SIMULATION  RESULTS  AND  THE  COMPARISON  WITH  EXPERIMENTS 

In  experiments,  a  porous  SiC  powder  bed  with  an  initial  solid  fraction  of  0.42  and 
15  M-m  average  particle  diameter  is  locally  densified  by  laser  chemical  vapor  infiltration 
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with  10  Torr  Si(CH3)4  gas  at  three  different  laser  scanning  speeds.  The  CO2  laser  beam  is 
focused  to  a  diameter  of  1  mm  and  the  laser  power  is  continuously  adjusted  to  obtain  a 
surface  temperature  of  1000°C  measured  by  the  pyrometer.  The  experimental  conditions 
of  the  three  cases  that  will  be  simulated  in  this  work  are  shown  in  Table  1. 

Figure  2  shows  the  simulation  value  of  pyrometer  temperature  during  the 
scanning  process.  The  bias  is  less  than  2%  of  the  desired  pyrometer  temperature,  which 
shows  that  the  closed-loop  temperature  control  in  experiment  can  be  adequately 
simulated  in  this  model.  Figure  3  shows  the  instantaneous  temperature  distributions  in  the 
powder  bed  for  the  three  scan  speeds  after  the  beam  has  scanned  a  distance  of  12.25  mm. 
We  can  see  from  this  figure  that  the  temperature  gradient  becomes  higher  with  the  faster 
scanning  rate. 


Tab! 

e  1 .  Experimental  cases  to  be  simulated 

Desired  Pyrometer 

Scanning  Speed 

Powder  Packing 

Initial  Particle 

Temperature  (K) 

(|im/s) 

Fraction 

Radius  (jxm) 

1273 

1.25,2.50  and  5.0 

0.42 

7.5 

Figure  4  shows  the  laser  input  power  history  needed  to  obtain  the  desired 
pyrometer  surface  temperature  of  1000°C  in  the  experiment  and  simulation.  Figure  5 
shows  the  distribution  of  solid  material  (powder  and  vapor  deposition)  in  the  powder  bed 
after  scanning  process  in  the  experiment  and  simulation.  All  the  three  different  scanning 
rate  cases  indicate  that  a  good  agreement  exists  between  the  experimental  and  simulation 
results.  From  these  two  figures  we  can  see  that  as  the  laser  scanning  rate  decreases,  the 
incident  laser  power  and  the  infiltration  of  SiC  into  the  powder  bed  will  increase.  As  the 
workpieee  becomes  denser  and  larger  in  size  with  lower  scanning  mtes,  the  higher  the 
effective  thermal  conductivity  and  the  more  readily  the  heat  dissipates  from  the  process 
zone.  This  is  illustrated  in  Figure  3  where  the  overall  size  of  the  heated  zone  in  the 
powder  bed  becomes  larger  as  the  scanning  rate  decreases  while  the  high  temperature 
region  (1423  K  isotherm)  becomes  smaller. 


Location  of  laser  beam  (mm) 


Figure  2.  The  simulated  temperature  value  of  pyrometer  during  the  scanning  process 
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Figiu'e  3.  Temperature  distribution  in  the  powder  bed  at  the  cross  section  of  X=  12.25 
mm  and  scanning  rate  of  (a)  1.25  pm/s,  (b)  2.50  pm/s,  and  (c)  5.00  pm/s. 


Comparing  Figures  2  and  4,  we  also  can  see  that  uniform  temperature  on  the  top 
surface  of  powder  bed  during  laser  scanning  process  needs  non-uniform  laser  power  at 
the  initial  scanning  period  and  nearly  uniform  laser  power  beyond  this  initial  period.  The 
reason  is  that  at  the  beginning  of  the  laser  scanning,  the  laser-heated  area  is  surrounded 
by  powder  with  a  much  lower  thermal  conductivity  and  heat  dissipation  is  slow.  Thus, 
less  laser  incident  power  is  needed  to  heat  the  powder  under  the  laser  beam  to  the  desired 
pyrometer  surface  temperature.  As  the  scanning  proceeds,  the  part  density  and  size 
increases  and  more  heat  is  dissipated  through  thermal  conduction  along  the  previously 
densified  section  with  a  higher  effective  thermal  conductivity.  Thus,  the  laser  incident 
power  will  increase  with  the  moving  of  the  laser  beam  Finally,  a  steady  state  is  reached 
that  heat  conduction  through  the  previously  densified  section  does  not  change  much  with 
time  and  the  laser  incident  power  reaches  a  nearly  uniform  value.  Since  more  heat  is 


conducted  away  through  the  previously  densifie  d  section  in  the  steady  state  region  than 
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that  in  the  initial  transient  region,  the  laser  incident  power  in  the  steady  state  region  is 
larger  than  that  in  the  initial  transient  region. 


Figure  4.  Comparison  between  the  experimental  and  simulated  incident  laser  power 

during  the  scanning  process. 


Figure  5.  Comparison  between  the  experimental  and  simulated  solid  fraction  distribution 
in  depth  direction  under  the  center  of  the  laser  beam  after  the  scanning  process  at  x=7 
mm. 


The  distribution  of  vapor  deposited  SiC  on  the  surface  of  the  powder  bed  (SALD) 
on  the  transversal  section  with  different  laser  scanning  rate  can  be  observed  in  Figure  6. 
The  SALD  increases  as  the  laser  scanning  rate  decreases  due  to  the  faster  scanning  rate 
having  less  time  for  SiC  to  deposit  on  the  surface  of  powder  bed.  The  height  of  the 
SALD  is  larger  at  the  center  region  due  to  the  Gaussian  power  distribution  of  the  incident 
laser  beam.  Due  to  the  small  SALD  (<40|J.m)  when  scanning  rates  are  2.50ftm/s  and 
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5.00(Xm/s,  the  SALD  is  hardly  to  measure.  In  figure  6,  only  the  SALD  with  scanning  rate 
1.25|Xm/s  is  measured.  The  trends  between  simulation  and  measurement  are  consistent. 


Figure  6.  Simulation  results  of  the  distribution  of  vapor  deposited  SiC  on  the  surface  of 

the  powder  bed  (SALD). 


CONCLUSIONS 

1)  The  simulation  results  of  the  incident  laser  power  history  and  the  distribution  of  vapor 
infiltrated  SiC  in  the  powder  bed  agree  fairly  well  with  the  experiments. 

2)  As  the  laser  scanning  rate  decreases,  the  incident  laser  power  will  increase,  the 
deposition  of  SiC  both  within  the  powder  bed  as  well  as  on  the  surface  of  the  powder  bed 
(SALD)  will  increase. 

3)  Uniform  temperature  on  the  top  surface  of  powder  bed  during  laser  scanning  process 
needs  non-uniform  laser  power  at  the  initial  scanning  period  and  nearly  uniform  laser 
power  elsewhere. 
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Abstract 


This  paper  discusses  the  application  of  adaptive  slicing  algorithm  and  computer  vision 
technology  on  Rapid  Prototyping  (RP)  system  to  enhance  fabrication  performance  of  Model 
Maker  (MM)  RP  system.  Usually,  the  layer  number  determines  the  RP  system  performance  in 
terms  of  fabrication  time  and  accuracy.  In  this  research,  a  new  practically  adaptive  slicing 
algorithm  is  developed  and  easily  implemented  for  RP  system,  because  it  only  recalculates  the 
scanning  path  according  to  the  criterion  of  adjacent  profile  variation.  The  experimental  results  of 
the  proposed  adaptive  slicing  algorithm  show  that  the  saving  of  54%  fabrication  time  is  achieved 
and  the  model  accuracy  is  still  remained  in  the  same  level.  MM  presents  a  problem  of  stability 
because  of  tiny  nozzle.  Computer  vision  technology  is  employed  in  this  paper  to  on  line  inspect 
the  layer  accuracy  and  defect  of  a  model  fabricated  by  RP  system.  The  results  of  vision 
inspection  is  used  to  close-loop  monitor  the  process  to  increase  the  processing  stability  and 
accuracy.  These  new  practically  adaptive  slicing  algorithm  and  machine  vision  technology  are 
implemented  in  the  commercial  Model  Maker  (MM)  RP  system  to  increase  its  fabrication  speed, 
accuracy  and  stability,  but  not  accuracy  sacrifice.  Hence,  the  performance  of  the  MM  RP  system 
can  be  significantly  enhanced  using  vision  and  practically  adaptive  slicing  technologies. 

Keywords:  Rapid  Prototyping,  Machine  Vision,  Adaptive  Slicing,  Texture  Analysis. 

Introduction 


Rapid  Prototyping  (RP)  technology  has  been  widely  applied  in  all  industries  to  accelerate 
products  into  the  market,  since  the  first  stereolithography  machine  is  commercialized  in  1988. 
However,  the  RP  fabrication  speed  is  still  limited  by  the  requirement  of  model  accuracy,  although 
the  prototype  fabrication  has  been  accelerated  using  the  layer  manufacturing  and  automation 
technologies.  The  reason  is  that  the  higher  the  requirement  for  model  accuracy,  the  smaller  the 
layer  thickness,  and  hence,  the  more  layers  required  and  therefore  the  slower  the  fabrication 
speed.  This  conclusion  is  only  valid  for  constant  layer  thickness,  which  is  employed  by  most 
commercial  RP  systems.  Actually,  the  model  accuracy  not  only  depends  upon  the  layer  thickness 
but  also  the  geometrical  complexity.  If  the  layer  thickness  varies  with  the  geometrical  complexity, 
the  fabrication  speed  can  be  accelerated  without  accuracy  sacrifice.  Also,  the  model  accuracy  can 
be  improved  without  sacrifice  of  fabrication  speed,  because  the  total  layer  number  does  not 
increase.  In  order  to  accelerate  the  fabrication  speed  but  not  accuracy  sacrifice,  several  researches 
concentrate  on  the  development  of  the  adaptive  slicing  algorithm  (Hope  1997,  Tada  1998,  and 
Sabourin  1996).  All  of  these  currently  proposed  adaptive  slicing  algorithms  need  a  new  slicing 
engine,  which  is  not  practical  for  or  compatible  with  most  of  the  commercial  RP  systems. 
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Although  the  on-line  monitoring  of  RP  is  an  interesting  research  topic,  there  is  few 
documentation  concerned  with  this  topic.  Reeves  and  Cobb  at  the  University  of  Nottingham 
established  a  mathematical  representation  of  the  surface  roughness  of  stereolithography  parts  to 
reduce  the  surface  deviation  of  stereolithography  using  in-process  techniques  (Reeves,  1997). 
Some  Japan  researchers  used  eddy  currents  to  real  time  measure  the  stress  and  strain  in  the  cured 
photoresin  for  Stereolithography.  In  comparison  with  other  RP  research  topics,  the  research  into 
on-line  monitoring  and  defect  inspection  of  RP  processes  is  still  very  limited.  In  order  to  monitor 
the  fabrication  process  and  inspect  the  defect  of  MM  on-line,  vision  technology  is  employed  in 
this  research.  Also,  the  captured  image  was  processed  to  identify  the  defect  and  feedback  to 
control  the  process  to  fix  the  defect. 

The  fabrication  speed  of  MM  RP  system,  using  the  proposed  adaptive  slicing  algorithm,  can 
be  significantly  accelerated  but  not  accuracy  sacrifice.  Also,  the  system  is  on-line  monitored  layer 
by  layer  using  the  vision  technology  to  solve  the  problem  of  processing  stability  caused  by  the 
adaptive  slicing  method  and  the  potential  blockage  of  nozzle.  Hence,  the  fabrication  performance 
of  the  MM  RP  system  is  dramatically  enhanced  and  demonstrated  by  the  integrated  application  of 
the  adaptive  slicing  algorithm  and  computer  vision  technology. 

Model  Maker  RP  system 


In  this  research,  a  practically  adaptive  slicing  algorithm  is  implemented  in  the  MM  RP 
system,  and  the  layer  fabrication  process  of  MM  is  monitored  on-line  using  a  CCD  camera.  A 
MM  RP  system  uses  two  ink-jet  type  print-heads,  one  depositing  the  thermoplastic  green  building 
material  and  the  other  depositing  red  supporting  wax.  The  liquefied  material  cools  as  it  is  ejected 
from  the  print-head  and  solidifies  upon  impact  on  the  model.  Wax  is  deposited  to  provide  a  flat, 
stable  surface  for  the  deposition  of  material  in  the  subsequent  layers.  After  each  layer  is  complete, 
a  cutter  planes  off  the  layer’s  top  surface  to  provide  a  smooth,  even  surface  for  the  next  layer. 
The  MM  RP  system  is  one  of  the  most  accurate  RP  systems,  producing  layers  from  O.OOOSin  to 
O.OOSin.  It  can  produce  a  model  with  very  small  features  and  fine  surface  finish. 

The  .STL  file  of  the  fabricated  model  is  loaded  into  the  ModelWorks  program,  which  is  a 
preprocessor  of  MM,  to  be  sliced  and  viewed.  Then,  the  .BIN  and  .BLD  files  for  further  model 
fabrication  are  generated.  The  .BLD  file  is  a  build  process  parameter  file,  which  contains  the  data 
that  describe  how  the  model  will  be  built.  The  .BIN  file  contains  data  describing  the  physical 
geometry  of  the  model.  It  defines  the  model  as  a  series  of  cross-section  layers.  Each  layer  is 
defined  as  a  series  of  individual  lines  (vectors). 

A  new  practical  adaptive  slicing  method  using  finest  layers  stacking 

Sabourin  et  al  (1996)  proposed  an  adaptive  slicing  algorithm  to  first  slice  the  CAD  STL 
model  uniformly  into  slabs  of  thickness  equal  to  the  maximum  available  fabrication  thickness. 
Each  slab  is  then  re-sliced  uniformly  as  needed  to  maintain  the  desired  surface  accuracy.  This 
adaptive  slicing  algorithm  using  stepwise  uniform  refinement  is  not  practical,  because  some  of 
the  geometrical  features  may  be  already  lost  at  the  first  slicing  procedure  using  the  maximum 
available  fabrication  thickness.  The  contradictory  concept  of  Sabourin’s  adaptive  algorithm  is 
used  in  this  study  to  slice  the  model  uniformly  into  slabs  of  thickness  equal  to  the  minimum 
available  fabrication  thickness.  Hence,  the  best  accuracy  available  in  the  RP  system  can  be  met. 
Although  model  fabrication  using  the  minimum  available  fabrication  thickness,  i.e.  the  best 
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accuracy,  is  demanded  for  all  RP  systems,  it  sacrifices  fabrication  speed  because  of  too  many 
layers.  In  order  to  compromise  between  the  fabrication  speed  and  accuracy,  the  number  of  layers 
must  be  reduced  to  an  acceptable  range  and  the  model  accuracy  must  not  be  sacrificed.  The 
profiles  of  the  adjacent  finest  layers  are  examined  to  evaluate  whether  these  adjacent  layers  can 
be  stacked  as  a  single  layer.  If  the  profile  variations  of  these  adjacent  layers  are  within  the 
tolerance  required,  these  adjacent  layers  are  stacked  as  a  single  layer.  Hence,  the  number  of 
layers  can  be  reduced  and  the  fabrication  speed  can  be  accelerated  without  accuracy  sacrifice. 

The  level  of  the  profile  variation  is  the  criterion  of  the  adaptive  slicing  method  using  the 
adjacent  finest  layers  stacking.  The  level  of  the  profile  variation  is  represented  as  an  angle,  which 
is  tangent  to  the  adjacent  finest  layers.  If  the  profile  tangent  angle  9  is  equal  to  90  ° ,  it  means  that 
there  is  no  profile  variation  between  the  adjacent  layers.  Or  if  the  profile  tangent  angle  is  greater 
than  an  acceptable  angle,  the  profile  variations  between  the  adjacent  layers  are  within  the 
acceptable  tolerance.  Hence,  these  two  adjacent  layers  can  be  stacked  as  a  single  layer  without 
accuracy  sacrifice.  This  stacking  procedure  repeats  until  the  layer  thickness  reaches  the  maximum 
layer  thickness  allowed  in  the  RP  system.  On  the  other  hand,  if  the  tangent  angle  is  less  than  a 
critical  angle,  that  means  the  layer  must  be  fabricated  using  the  finest  layer  thickness,  because  the 
profile  variation  is  too  much.  These  two  adjacent  layers  cannot  be  stacked  together.  It  is  also 
possible  to  only  stack  two,  or  three,  or  four,  or  several  layers  before  reaching  the  maximum 
allowed  layer  thickness,  because  the  profile  variation  is  still  within  the  acceptable  tolerance. 
Therefore,  the  new  fabrication  layer  thickness  depends  upon  the  criterion  of  the  tangent  angle.  Of 
course,  the  fabrication  parameters  must  be  adjusted  according  to  the  new  layer  thickness.  This 
adaptive  slicing  method  using  the  finest  layer  stacking  is  implemented  in  the  MM  system. 

Results  and  evaluation  of  the  adaptive  slicing  method  using  finest  layers  stacking  on  the 

Model  Maker  system 

Table  1  shows  the  detailed  layer  information  of  bench  models  using  both  constant  layer 
thickness  slicing  and  the  adaptive  slicing  method  on  the  MM  system  for  three  different  criteria. 
As  shown  in  Table  1,  the  original  first  40  layers  of  bench  models,  using  minimum  slicing  layer 
thickness,  were  stacked  as  10  layers,  because  there  is  no  profile  variation  at  the  bottom  of  the 
models.  The  original  total  layer  number  of  models  using  the  finest  layer  thickness  is  140,  but  the 
total  layer  number  of  models  using  the  adaptive  slicing  method  is  only  66  for  the  criterion  at  the 
tangent  angle  30  degrees.  For  the  criterion  at  tangent  angle  60  degrees,  the  total  layer  number  is 
only  86,  because  not  only  the  bottom  of  the  model  was  stacked  as  10  layers  from  40  layers,  but 
also  the  middle  of  the  model  was  sliced  using  normal  slicing  thickness. 

As  the  result  the  detailed  fabrication  information  of  bench  models  using  constant  layer 
thickness  and  adaptive  slicing  thickness.  It  took  6881  seconds  to  fabricate  bench  model  (a)  using 
the  finest  layer  thickness,  0.1mm,  and  to  fabricate  the  same  model  using  the  maximum  layer 
thickness  only  took  34%  of  the  fabrication  time,  in  comparison  with  the  finest  layer  thickness.  Of 
course,  the  model  accuracy  using  the  finest  layer  thickness  is  much  better  than  that  using  the 
maximum  layer  thickness.  For  the  criterion  of  tangent  angle  at  30  degrees,  the  fabrication  time  of 
bench  model  (a)  using  adaptive  slicing  method  is  only  62%  of  that  using  the  finest  layer  thickness. 
There  are  serious  steps  at  the  round  curves  of  the  original  model  using  constant  slicing  thickness, 
but  these  steps  did  not  exist  in  the  model  fabricated  using  adaptive  slicing  algorithm.  The  reason 
for  the  better  accuracy  of  the  bench  model  (b)  using  adaptive  slicing  method,  is  that  the  high  level 
of  the  profile  variation  area  of  bench  model  B  was  fabricated  using  the  finest  layer  thickness 
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0.1mm.  However,  the  bench  model  B  was  all  fabricated  using  the  same  layer  thickness  0.2mm  no 
matter  what  the  profile  variation. 

In  order  to  quantitatively  evaluate  the  accuracy  of  the  bench  models,  the  roundness  error  of 
the  model  (A)  and  (B)  is  measured  and  tabulated  in  Table  1.  As  shown  in  Table  1,  the  roundness 
error  of  the  models,  fabricated  using  adaptive  slicing  method,  is  slightly  less  than  that  of  models 
fabricated  using  layer  thickness  0.2mm  and  much  smaller  than  that  of  models  fabricated  using 
layer  thickness  0.4mm.  Though  the  roundness  error  of  the  models,  fabricated  using  adaptive 
slicing  method,  is  slightly  larger  than  of  models  fabricated  using  finest  layer  thickness  0.1mm, 
the  fabrication  time  of  the  models,  fabricated  using  adaptive  slicing  method,  is  much  smaller  than 
that  of  models  fabricated  using  finest  layer  thickness  0.1mm.  Hence,  the  adaptive  slicing  method 
is  approved  to  accelerate  fabrication  speed  of  Model  Maker  RP  system  and  without  too  much 
accuracy  sacrifice. 


Table  1.  The  result  of  the  bench  models  test  in  terms  of  the  fabrication  time. 
_ Bench  model  (A) _ 


Slicing  Method 

Number  of  Layers 

Total 

Layer 

No. 

Fabrication 
Time  (s) 

Relative 
Fabrication 
Time  (%) 

Roundness 

Error 

(mm) 

Tmax  =  0.4mm 

T=0.2mm 

Tmin  =  0.1mm 

Constant 

Layer 

Thickness 

Tmin 

- 

- 

140 

140 

6881 

100 

0.205 

T 

- 

70 

- 

70 

3566 

51.82 

0.294 

Tmax 

35 

- 

- 

35 

2358 

34.27 

0,437 

Adaptive 

Slicing 

Thickness 

Tangent  Angle=30 

10 

44 

12 

66 

ii^iiiiu 

62.58 

0.276 

Tangent  Angle=45 

10 

34 

32 

76 

72.71 

0.248 

Tangent  Angle=60 

10 

24 

52 

86 

77.79 

0.229 

Bench  model  (B) 


Slicing  Method 

Number  of  Layers 

Total 

Layer 

No. 

Fabrication 
Time  (s) 

Relative 
Fabrication 
Time  (%) 

Roundness 

Error 

(mm) 

Tmax  =  0.4mm 

T=0.2mm 

Tmin  =  0.1mm 

Constant 

Layer 

Thickness 

Tmin 

- 

140 

140 

5801 

100 

0.156 

T 

- 

70 

70 

2958 

50.99 

0.282 

Tmax 

35 

- 

35 

1934 

33.34 

0.435 

Adaptive 

Slicing 

Thickness 

Tangent  Angle=30 

10 

43 

14 

67 

4144 

71.74 

0.257 

Tangent  Angle=45 

10 

35 

30 

75 

4344 

74.88 

0.215 

Tangent  Angle=60 

10 

24 

52 

86 

4550 

78.43 

0.167 

Vision  monitoring  of  MM  fabrication  process 

The  experimental  layout  of  the  on-line  layer  monitoring  and  defect  inspection  is 
schematically  illustrated  in  Figure  1.  The  MM  machine  is  controlled  by  the  fabrication 
commands  (.BIN  and  .BLD  files)  generated  from  the  process  control  computer.  Another 
computer  is  employed  to  process  the  captured  image  from  the  CCD  camera  to  identify  the  defect. 
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calculate  the  defect  coordinate,  and  generate  the  compensated  program.  Also,  the  sliced  profile 
data  obtained  from  the  slicing  software,  ModelWork,  is  used  to  compare  with  the  image  profile 
for  further  on-line  monitoring  of  the  MM  system.  The  coordinates  of  the  layer  defeet  can  be 
calculated  and  fed  back  to  the  process  control  computer  to  move  the  nozzle  and  deposit  new 
material  at  the  position  of  the  defect.  If  the  profile  is  oversize  rather  than  defective,  the 
compensated  program  will  raise  the  platform  and  move  the  cutter  to  plane  off  the  current  layer. 
Only  the  problem  of  defect  is  presented  in  this  paper,  because  the  oversize  problem  is  similar  to 
that  of  the  profile  accuracy  analysis. 

In  order  to  evaluate  the  feasibility  of  the  on-line  monitoring  of  the  MM  process,  a  simple 
square  part  of  20X20mm^  is  designed  with  a  rectangular  defect  in  the  central  area.  The  image  of 
the  defect  area  is  found  in  the  previous  layer  rather  than  in  the  current  layer.  Hence,  the  image  of 
the  previous  layer  is  an  important  reference  to  identify  the  morphology  of  the  defect.  An  image 
difference  algorithm  is  then  employed  to  remove  the  effect  of  the  previous  layer  image  on  the 
identification  of  the  defect.  Also,  in  order  to  immediately  inspect  the  layer  defect,  the  image  is 
captured  as  soon  as  the  build  material  is  deposited  rather  than  after  the  cutter  operation.  Since,  the 
surface  condition  of  the  material  deposition  before  cutting  is  very  different  from  that  after  cutting, 
the  surface  texture  of  the  material  deposition  and  the  defect  can  be  discriminated.  As  a  result,  the 
defect  can  be  inspected  and  the  process  can  be  fiirther  on-line  monitored. 


Image  Processing 


Wor^:stetion 


ModelMaker 

4 

Fabrication  Command 


Fabrication  Process  Control 


Sliced  Profile  Data 


Layer  Modified  Program 


Figure  1.  Experimental  layout  of  on  line  layer  monitoring  and  defect  inspection  of  MM 

using  vision  technology. 

ON-LINE  DEFECT  INSPECTION  USING  AN  ADAPTIVE  TEXTURE  ANALYSIS 

The  printing  path  characterizes  the  build  material  deposition  image,  and  the  defect  is 
characterized  by  the  smooth  surface  after  the  cutting  operation  in  the  previous  layer.  The 
characteristic  difference  of  the  deposition  and  the  defect  is  modeled  as  adaptive  texture  analysis 
to  discriminate  the  defect  from  the  direct  image  of  the  current  layer,  rather  than  two  images 
captured  in  the  image  difference  algorithm.  The  algorithm  used  in  this  adaptive  texture  analysis  is 
the  ‘adjusted  Texture-Energy-Ratio  approach.’  as  shown  in  Figure  2.  (Wang,  1998). 

Only  one  image  is  captured  after  the  deposition  of  the  build  material  at  the  current  layer, 
which  is  different  from  the  two  images  captured  before  and  after  material  deposition,  respectively. 
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The  captured  image  of  the  adaptive  filter  texture  analysis  is  the  target  image  to  identify  the  defect. 
The  captured  image  is  then  processed  to  identify  the  defect  using  an  adaptive  filter  texture 
analysis.  As  shown  in  Figure  3.(b),  there  are  two  pattern  textures  in  the  image  after  the  build 
material  deposition  at  the  current  layer.  The  first  pattern  is  the  texture  of  the  printing  path,  which 
is  the  deposition  area  of  the  new  build  material.  The  other  pattern  is  the  texture  of  the  defect, 
which  is  the  smooth  surface  of  the  previous  layer  after  the  cutting  operation. 


Figure  2.  Adaptive  texture  analysis  and  inspection  using  the  adjusted  Texture-Energy-Ratio 

approach.  (Wang,  1998) 

In  order  to  analyze  the  texture  of  the  new  printing  path  and  the  defect,  two  masks  are 
employed  to  extract  the  characteristics  of  these  two  textures  as  shown  in  Figure  3.(a).  The  texture 
of  the  printing  path  for  the  new  build  material  is  extracted  using  mask  “a”,  and  the  texture  of  the 
defect  is  extracted  using  mask  “b”.  The  textures  from  mask  “a”  and  “b”  are  processed  using  an 
adaptive  texture  algorithm,  presented  in  the  next  section,  to  iteratively  calculate  the  resulting 
filter  as  shown  in  Figure  3.(b).  This  resulting  filter  is  an  1 1  x  1 1  array,  and  the  value  of  the  array 
distributed  from  -100  to  100.  The  equal  height  of  the  resulting  filter  is  identified  and  labeled.  The 
distribution  of  the  resulting  filter  is  regularly  repeated  like  a  sine  function,  and  its  characteristic  is 
similar  to  the  line  by  line  characteristic  of  the  printing  path.  It  is  used  to  filter  out  the  line 
characteristic  texture  of  the  printing  path  into  one  single  feature  and  isolate  the  defect  texture  as 
another  single  feature.  The  resulting  filter  is  applied  to  the  image  of  the  current  layer  to 
adaptively  discriminate  the  defect  feature  from  the  whole  image  of  the  current  layer.  Then,  the 
discriminated  image  is  adjusted  for  higher  brightness  and  contrast  ratio  as  shown  in  Figure  3.(c). 
The  smoothing,  thresholding,  dilating,  and  eroding  operations  are  then  applied  to  the  image  to 
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identify  the  defect  as  shown  in  Figure  3.(d),  3.(e),  3.(f),  and  3.(g)  respectively,  which  is  the  same 
as  that  of  last  four  steps  in  image  difference  processing.  In  comparison  of  defect  image 
processing  using  image  difference  and  adaptive  texture  as  shown  in  Figure  3.(f)  to  Figure  3.(h) 
and  Figure  3.(e)  to  Figure  3.(g)  respectively,  the  result  of  the  adaptive  texture  analysis  is  a  little 
bit  better  than  that  of  image  difference.  The  reason  is  that  the  noisy  area  of  texture  analysis  is 
smaller  than  that  of  image  difference. 


(c)Adjustment  of  image  (e)  Image  (g)  Image  erosion 

brightness  and  contrast  thresholding 


Figure  3.  The  results  of  the  defect  image  processing  using  an  adaptive  texture  filter, 
smoothing,  thresholding,  dilation,  and  erosion  algorithms. 

Finally,  the  defect  coordinates  are  calculated  from  the  defect  image.  If  the  defect  size  is 
within  the  range  of  tolerance,  the  fabrication  process  continued.  However,  if  the  defect  size  is 
unacceptable,  a  compensation  program  is  generated  and  transferred  back  to  the  control  program 
to  redeposit  build  material  on  the  defect  area.  Hence,  the  on-line  monitoring  of  MM  is  achieved. 

GENERATION  OF  DEFECT  COMPENSATION  PROGRAM  FOR  ON-LINE 

MONITORING  OF  MM  RP 


Once  the  defect  is  identified,  a  compensated  program  is  generated  in  the  image  processing 
workstation  and  transferred  back  to  the  fabrication  process  control  computer  to  reprint  the  defect 
area  for  on-line  monitoring  of  MM  RP.  In  order  to  calculate  the  defect  coordinates,  a  translated 
matrix  is  calculated  using  simple  linear  translation  and  rotation  algorithms  to  transform  the  image 
coordinates  to  the  MM  coordinate  system.  Then,  the  coordinates  of  the  defect  are  extracted  and 
determined  from  the  image  using  scanning  lines.  Once  the  defect  coordinate  is  determined  and 
transformed  into  the  MM  coordinate  system  using  the  transformation  matrix,  a  compensated 
program  is  generated  in  .BIN  file  format  and  is  transferred  back  to  the  control  computer.  Hence, 
the  defect  area  is  redeposit  with  new  build  material  controlled  by  the  compensation  program. 
Therefore,  the  fabrication  process  of  MM  RP  is  on-line  layer  monitored  using  vision  technology. 
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CONCLUSION 


A  new  practical  adaptive  slicing  method  using  finest  layers  stacking  for  the  RP  system  is 
presented  in  this  paper.  This  new  proposed  adaptive  slicing  method  is  easy  to  implement  in  the 
RP  system,  because  it  just  modifies  the  profile  information  after  slicing  operation  and  does  not 
involve  a  new  slicing  engine.  The  proposed  adaptive  slicing  method  was  implemented  on  the 
Model  Maker  RP  system  to  accelerate  fabrication  speed  without  accuracy  sacrifice.  The 
experimental  results  show  that  it  only  takes  62%  of  the  fabrication  time  at  the  similar  accuracy  to 
use  the  new  practical  adaptive  slicing  method  in  comparison  with  the  constant  layer  thickness. 

The  detailed  image  process  of  defect  inspection  using  the  adaptive  texture  analysis  is 
presented.  The  defect  is  on-line  inspected  and  fixed  by  the  reprinting  of  new  build  material,  layer 
by  layer.  Hence,  the  computer  integrated  adaptive  slicing  algorithm  and  vision  technologies 
enhance  the  performance  of  RP  system,  because  it  not  only  increase  fabrication  speed  but  not 
sacrifice  with  accuracy,  but  also  on-line  monitor  and  stabilize  the  fabrication  process. 
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Abstract 


The  5 -axis  layered  manufacturing  technology  facilitates  fabrication  of  a  part  with 
overhanging  features  without  the  use  of  supports,  thereby  making  a  direct-to-use  part  from  the 
layered  manufacturing  technology  a  reality.  In  this  paper  we  describe  a  direct  slicing  procedure 
for  a  CAD  model,  a  crucial  process  planning  task  for  the  5-axis  layered  manufacturing.  The 
neutral  exchange  format  IGES  is  used  as  the  slice  format.  The  G  and  M  codes  for  a  CNC  5-axis 
laser  deposition  machine  are  generated  from  the  slice  format  and  the  deposition  process  is 
simulated.  Implemented  examples  are  included  to  explain  the  slicing  procedure.  Exciting 
possibilities  for  the  future  work  on  the  slicing  procedure  are  discussed. 

Introduction 


Layered  manufacturing  refers  to  the  fabrication  of  physical  parts  layer-by-layer.  It  involves 
successively  adding  raw  material,  in  layers,  to  create  a  solid  of  some  predefined  shape.  The  use 
of  layered  manufacturing  typically  results  in  a  significant  reduction  in  the  component 
manufacturing  times  from  the  conventional  metal  forming/cutting  technologies.  When  creating  a 
part  layer-by-layer,  the  geometric  complexity  of  the  part  has  significantly  less  impact  on  the 
fabrication  process.  Furthermore,  manufacturing  a  component  of  Functionally  Graded  Material 
is  very  much  possible  with  layered  manufacturing  technologies.  Layered  manufacturing  includes 
the  processes  Solid  Freeform  Fabrication  and  Desktop  Prototyping. 

The  use  of  layered  manufacturing  technology  is  currently  restricted  to  prototyping,  i.e. 
creating  a  physical  part  for  the  purposes  of  analyzing  its  form,  fit  or  function.  The  use  of  layered 
manufacturing  typically  results  in  a  significant  reduction  in  the  component  manufacturing  times 
from  the  conventional  metal  forming/cutting  technologies.  With  advances  in  process  planning 
tasks  of  layered  manufacturing  and  layered  manufacturing  technologies  such  as  Directed  Light 
Fabrication  (DLF)  [1],  Laser  Engineered  Net  Shaping  (LENS)  [2]  and  Direct  Metal  Deposition 
(DMD)  [3],  manufacturing  of  a  functional  metal  component  that  can  directly  be  put  to  use  is  not 
far.  In  the  last  few  years,  enterprises  such  as  Precision  Optical  Manufacturing  in  Michigan, 
Aeromet  Corporation  near  Minnesota  and  Optomec  in  New  Mexico  have  began  to 
commercialize  these  technologies  [4].  Advances  in  the  process  planning  tasks  include  the 
increasing  use  of  CAD  models  instead  of  faceted  STL  models,  the  representation  of 
heterogeneous  and  functionally  graded  material  objects,  the  more  efficient  part  orientation 
algorithms  and  the  more  efficient  adaptive  slicing  algorithms  to  increase  the  surface  quality. 
However,  one  impediment  to  the  manufacturing  of  functional  components  is  the  issue  of 
overhanging  features  and  the  hollow  sections  in  a  component.  Present  layered  manufacturing 
techniques  use  sacrificial  support  structures,  of  a  different  material,  to  support  the  overhanging 
and  hollow  features,  which  necessitate  subsequent  post-processing  operations  apart  from  poor 
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surface  quality  and  increased  build  time.  In  this  paper,  we  describe  a  procedure  to  manufacture  a 
solid  functional  component  without  the  use  of  support  structures. 

5-axis  slicin2  procedure 

To  motivate  the  need  for  this  5-axis  slicing  procedure,  we  briefly  describe  the  overhanging 
features  and  the  use  of  support  structures.  The  most  common  need  for  support  structures  occurs 
when  material  on  one  layer  overhangs  the  previous  layer  by  more  than  a  specified  amount  [5]. 
Figure  1  shows  a  part  with  such  overhanging  features.  Regions  O;  and  O2  cannot  be  deposited 
without  the  support  structures  in  the  build  direction  shown. 


Figure  1.  An  example  part  with  overhanging  features 

Since  the  use  of  support  structures  decreases  the  surface  quality  and  increases  the  build  time 
a  new  procedure  is  required.  The  5-axis  slicing  procedure  attempts  to  build  such  parts  without 
the  use  of  support  structures. 


A  new  generation  of  layered  manufacturing 
machines  has  started  to  emerge  in  the  research 
domains.  A  schematic  sketch  of  one  such 
layered  manufacturing  machine  is  shown  in 
Figure  2.  The  machine  shown  in  Figure  2  has 
2  additional  axes  namely,  C-axis  and  R-axis. 
C-axis  allows  rotation  of  the  part  in  the  X-Y 
plane  around  the  Z-axis  in  both  the  directions. 
R-Axis  allows  the  rotation  of  the  part  in  the  Y- 
Z  plane  around  the  T-axis.  These  machines 
eliminate  some  of  the  inherent  limitations  of 
the  existing  layered  manufacturing  such  as  the 
overhang  issue.  The  various  tasks  associated 
with  the  5-axis  slicing  procedure  are: 

(1)  Model  decomposition. 

(2)  Sequencing  the  decomposed  parts. 

(3)  Adaptive  Slicing  and 

(4)  Tool  Path  Generation. 


Figure  2.  Sehematic  sketch  of  a  5-axis  layered 
manufacturing  machine 
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Model  decomposition 


The  build  direction  is  constant  and  it  is  assumed  to  be  Z.  The  solid  model  with  the 
overhanging  features  is  decomposed  into  sub-volumes.  Each  of  the  sub-volume  can  be  built 
along  the  given  build  direction  Z. 

The  first  task  in  model  decomposition  is  to  identify  the  overhanging  features.  Surface 
interrogation  [6]  is  used  as  a  tool  to  identify  the  overhanging  features.  This  is  accomplished  by 
analyzing  the  angle  6  that  the  surface  normal,  at  any  point  on  the  model  surface,  makes  with  the 
build  direction  Z.  The  angle  6  is  called  the  overhang  angle.  At  any  point  p  if  the  overhang  angle 
exceeds  the  permissible  value  dmax  then  we  can  conclude  that  point  is  a  part  of  the  overhanging 
feature. 

Consider  a  C’  continuous  regular  parametric  surface  S(u,v)  and  let 

,  .  dS  dS  ... 

n(u,v)  =  —X  —  (1) 

au  dv 

be  its  normal  vector  field,  d,  the  angle  between  the  build  direction  Z  and  the  surface  normal 
n{u,v)  can  then  be  expressed  as: 


{Z,n(M,v)\ 

COS0  =  ^ - L  (O') 

\\niu,v)\\ 

9max  is  the  user  specified  maximum  permitted  overhang  angle.  From  equation  (2),  it  is  possible 
to  determine  the  point  at  which  the  overhang  angle  exceeds  the  maximum  permitted  value.  All 
the  points  on  the  surface  at  which  6  >  dmax  are  determined  by  traversing  through  the  surface.  The 
lowest  of  all  such  points  pmin,  in  the  build  direction,  is  then  determined.  An  intersection  section 
graph  is  obtained  by  intersecting  the  solid  model  with  a  horizontal  plane  at  pmm-  The  intersection 
graph  is  swept  in  the  build  direction  to  obtain  an  infinitesimally  thin  tool  body  which  is  open  on 
both  the  ends.  The  tool  body  is  then  subtracted  from  the  solid  model  to  separate  the  overhanging 
features  from  the  solid  model  as  shown  in  Figure  3.  The  total  number  of  decomposed  parts  after 
the  decomposition  would  be  n+1,  where  n  is  the  number  of  overhanging  features.  A  similar 
technique  with  isoclines  can  also  be  used  to  identify  the  overhanging  features  [8]. 


(a)  Model  to  be  built  (b)  Decomposed  model 

Figure  3.  Model  decomposition 
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Sequencin2  the  decomposed  parts 


The  decomposed  parts  are  to  be  built  one-by-one  in  a  sequence.  Sequencing  includes 
rotating  each  of  the  decomposed  parts  first  around  the  Z-axis  by  an  angle  dz  and  then  around  Y- 
axis  by  an  angle  dy  at  the  machine  origin.  6zis  the  angle  between  the  central-axis  of  each  of  the 
decomposed  parts  and  the  ±  X-axis  in  the  X-Y  plane  at  the  height  of  the  central-axis  of  that 
decomposed  part.  6y  is  always  ±  90°  such  that  the  overhanging  parts  are  built  in  the  positive 
build  direction  Z.  The  decomposed  part  to  which  none  of  the  rotation  is  applied  and  which  can 
be  built  in  the  build  direction  is  always  the  first  in  the  sequence.  This  ensures  the  physical 
existence  of  a  base  surface  on  which  to  deposit.  The  rest  of  the  sequence  is  determined  based  on 
the  height  of  each  of  the  decomposed  part  exists.  The  lowest  overhanging  decomposed  part  is 
second  in  the  sequence  and  so  on  till  the  rest  of  the  decomposed  parts  are  built.  Sequencing 
based  on  the  height  at  which  each  of  the  decomposed  part  exists  minimizes  the  chances  of 
collision  with  the  layers  already  deposited. 

Adaptive  slicing 

Each  of  the  decomposed  parts  is  then  sliced  using  the  adaptive  slicing  algorithm  [7]. 
Adaptive  slicing  involves  slicing  of  the  CAD  model  with  varying  layer  thickness.  The  user  can 
specify  a  maximum  allowable  cusp  height  for  the  object  and  also  a  deposition  requirement 
(excess  or  deficient).  In  order  to  achieve  the  user  specifications,  surfaces  of  high  curvature  are 
sliced  with  thinner  layer  thickness  and  surfaces  of  low  curvature  are  sliced  with  thicker  layer 
thickness.  Adaptive  slicing  yields  better  surface  quality,  as  the  staircase  effect  decreases  and  the 
variations  in  the  cusp  height  across  the  layers  are  minimized.  Adaptive  slicing  gives  the  user 
explicit  control  over  the  surface  quality.  The  other  advantage  of  adaptive  slicing  is  a  reduction  in 
the  build  time.  The  slice  is  then  reverse  transformed  to  get  them  to  their  original  location.  The 
Figure  4  shows  the  model  after  adaptive  slicing  and  reverse  transformation  of  the  slices. 


Figure  4.  Adaptively  sliced  model  for  5-axis  layered  manufacturing 
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Tool  path  generation 


The  slice  data  is  obtained  from  the  adaptive  slicing  procedure  in  the  IGES  data  format  as  set 
of  surfaces.  Each  slice  is  represented  by  a  planar  surface  as  shown  in  the  Figure  4.  These 
surfaces  can  be  used  in  any  commercially  available  CAM  software  with  a  5-Axis  capability  to 
generate  the  CNC  tool  paths.  In  our  case  we  used  SURFCAM®^.  We  treated  each  slice,  in  a 
bottom-up  approach,  as  a  surface  that  can  be  milled  and  used  the  5-axis  surface  milling  option  to 
generate  the  tool  paths  that  can  be  used  for  the  5-axis  layered  manufacturing  machine.  This 
procedure  allows  us  to  change  the  material  deposition  pattern  layer  wise  giving  us  the  capability 
to  control  the  physical  properties  such  as  residual  stresses.  Figure  5  shows  the  steps  involved  in 
manufacturing  our  example. 


Figure  5.  Steps  involved  in  5-axis  layered  manufacturing:  (a)  Vertical  build-up  of  V,  (b)  Rotation 
of  V  and  build-up  of  O2,  (c)  Rotation  of  V  &  O2  and  build-up  of  Oi,  (d)  Model  recreated 


Algorithm 

All  the  bounding  surfaces  of  the  model  are  first  extracted  along  with  their  defining  geometry. 
These  surfaces  are  then  converted  into  parametric  spline  surfaces.  These  surfaces  are  then 
analyzed  to  identify  the  overhanging  features  as  explained  in  the  earlier  section.  Once  the  lowest 
overhanging  location  is  found  then  the  model  is  chopped  into  buildable  vertical  regions  and 
unbuildable  overhanging  regions.  Each  of  these  regions  are  then  rotated  first  around  the  Z-axis 
and  then  around  the  7-axis  to  make  them  buildable.  Each  region  is  adaptively  sliced  [7]  and 
reverse  transformed.  The  slices  are  then  exported  for  path  generation  in  IGES  format.  The 
algorithm,  including  the  adaptive  slicing,  is  summarized  below. 


*  SURFCAM®  is  a  registered  CAD/CAM  software  from  Surfware  Inc. 
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Algorithm  5-axis  Slicing 


Input:  1 .  Parametric  representation  of  the  object  O. 

2.  3-axis  or  5-axis 

3.  Cusp  height,  5 

4.  Slice  thicknesses  L  min  &L  max 

5.  Containment  requirements:  +ve  or-ve. 

Output:  The  heights  of  all  the  adaptive  slices  for  the  layered  manufacture  of  O 
in  3-axis  or  5-axis 

Set  R=  decomposed  parts  of  O 

Set  S=  all  the  surfaces  that  bound  each  R 

Set  B=  blocks  obtained  by  slicing  the  object  through  the  vertices  of  each  R 
START 

Overhang  detection  by  the  surface  analysis  of  O 
IF  (overhang  =  TRUE) 

Decomposition  of  the  model  O  into  R 

Overhang  detection  by  the  surface  analysis  and  decomposition  of 
each  R  recursively. 

5-axis  transformation  of  each  R 

WHILE  (R  ^0)  DO 
{5-axis  transformation  applied  to  R 
WHILE  (B  0)  DO 
{  z=  bottom  of  block 

WHILE  (z  <  top  of  block) 

{  Si  =  no.  of  surfaces  that  intersect  with  slice  z 
1=0 

WHILE(/:£5/) 

{  d=  layer  thickness  (Si,  z,  6) 

l¥  d>  L  max  THEN  height  i  =  L  max 
ELSE  IF  d<L  min  THEN  height  pL  min 
ELSE  height  i  =  d; 

/=/+/} 

Slice  thickness  t=  min.  height  i; 

IF  {sign_normal  (z)  =  TRUE)  containment  =>  TRUE; 

} 

increment  z  =  z+ 1 
update  B} 
update  R  } 

END 
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Implementation  and  examples 


A  prototype  program  has  been  implemented  including  the  algorithms  discussed  in  the 
previous  sections.  Based  on  the  ACIS®^  solid  modeling  kernel,  the  software  module  is  built  on  a 
Sun  Sparc  workstation  with  an  user  interface  based  on  Tcl/Tk^.  Figure  6(a)  shows  an  example 
model,  which  is  unbuildable  with  conventional  2.5-D  layered  manufacturing  techniques  without 
the  use  of  support  structures.  However  the  same  model  can  be  built  with  the  5-axis  layered 
manufacturing  technique.  Figure  6(b)  shows  the  same  model  sliced  for  5-axis  layered 
manufacturing.  The  5-axis  layered  manufacturing  of  this  object  is  then  simulated  using  the  5- 
axis  surface  milling  features  of  the  commercially  available  CAM  software  SURF CAM® 
demonstrating  the  feasibility  of  5-axis  layered  manufacturing.  The  results  are  shown  in  Table  1. 
From  Table  1,  it  is  clear  that  adaptive  slicing  decreases  the  deposition  time.  Deposition  times 
given  are  for  the  5-axis  deposition.  Support  structures  and  the  associated  post  processing  would 
only  add  up  the  deposition  times. 


(a)  Unbuildable  Model 


(b)  Buildable  in  5 -axis  layered  manufacturing 


Figure  6.  5-Axis  adaptive  slicing  of  a  model 


Table  1.  Simulated  deposition  times  {Process  Parameters:  Nozzle  Speed  V  =  14.82  mm/sec; 
Nozzle  Diameter  =  700  pm;  Overlap  =  10%) 


Parameters 

Example  1 
(Figure  1) 

Example  2 
(Figure  6) 

Bounding  Box  Dimension 

26x13x36.5  (mm) 

30x30x13  (mm) 

Model  Volume 

6.7017  cm^ 

2.7065  cm^ 

Adaptive  Slicing 

Uniform  Slicing 

Adaptive 

Slicing 

Uniform  Slicing 

Total  No.  of  slices 

269 

296 

123 

136 

Deposition  Time 

125  min  3  sec 

137min  36  sec 

48  min  39  sec 

53  min  47  sec 

^  ACIS®  is  a  registered  geometric  modeling  kernel  from  Spatial  Corporation. 

^  Tcl/Tk  is  a  freely  available  scripting  language  with  extensions  for  creating  user  interfaces. 
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Conclusions 


A  procedure  was  developed  for  manufacturing  an  object,  with  overhanging  features,  without 
the  use  of  support  structures  using  5-axis  layered  manufacturing  process.  5-axis  layered 
manufacturing  is  a  promising  new  method  to  manufacture  any  given  part.  However,  further 
development  of  this  process  is  required.  In  this  paper,  we  have  considered  only  the  solid  objects 
with  overhanging  features.  Further  work  is  necessary  to  manufacture  objects  with  hollow 
interior.  The  on-going  development  of  multi-axis  deposition  machines  in  the  research  domains 
necessitates  a  more  advanced  procedure  based  on  the  concepts  presented  in  this  paper.  This 
paper  considered  only  one  of  the  process  planning  tasks  involved  in  the  process  namely  the 
slicing,  other  process  planning  tasks  such  as  part-orientation,  sequencing  and  collision  avoidance 
of  the  deposition  nozzle  with  the  object  are  to  be  investigated.  The  algorithm  for  overhang 
feature  detection  can  further  be  optimized  using  a  feature  based  detection  procedure  in  addition 
to  the  surface  analysis  presented  in  this  paper. 
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Abstract 


A  voxel-based  modeling  system  with  multi-resolution  for  layered  manufacturing  is  presented  in 
this  paper.  When  dealing  with  discretized  data  input,  voxel-based  modeling  shows  its  clear 
advantages  over  the  conventional  geometric  modeling  methods.  To  increase  the  efficiency  of 
voxel  data  due  to  its  large  storage  space  requirement,  multi-resolution  method  with  wavelet 
transform  technique  is  implemented.  Combining  with  iso-surface  generation  and  lossless 
polygon  reduction,  this  voxel-based  modeling  method  can  easily  work  with  layered 
manufacturing.  To  demonstrate  these  concepts,  components  with  different  resolutions  are  built 
using  Layered  Manufacturing  and  presented  in  the  paper. 

Keywords:  Layered  Manufacturing  (LP),  Wavelet  Transform,  Polygon  Reduction  (PR) 

1.  Introduction 

During  the  past  decade,  considerable  efforts  have  been  devoted  to  recreate  a  meaningful  and 
visible  model  from  three-dimensional  scaimers  and  sectional  images.  In  contrast  to  the 
conventional  geometric  modeling  that  converts  3-D  digitized  data  to  many  geometric  entities  for 
visualization,  much  research  is  focused  on  volumetric  modeling  that  represents  digitized  data 
directly  from  three  dimensional  discrete  units  of  volume  element  (voxel).  In  order  to  increase 
the  ability  of  shape  control  over  voxel  data,  Wu  et  al.  [18]  introduced  Non-Uniform  Rational  B- 
Spline  (NURBS)  volumetric  model  with  a  partial  integration  between  surface  and  volume 
graphics.  Although  volumetric  modeling  has  some  clear  advantages  when  dealing  with  a  large 
set  of  digitized  data,  it  suffers  from  its  large  storage  requirement  [8].  To  reduce  the  storage  size 
of  volumetric  data  acquired  from  MRI,  Muraki  [11]  used  a  wavelet  transform  that  displays 
models  in  different  resolutions.  However,  mechanical  components  modeled  by  volumetric  data 
still  need  to  be  converted  to  geometric  entities  before  they  are  fabricated  by  traditional 
manufacturing  machine  tools.  Recently,  this  fabrication  bottleneck  has  been  overcome  by  the 
advancement  of  Layered  Manufacturing  (LM).  Because  LM  fabricates  the  object  layer  by  layer 
from  the  bottom  to  the  top,  it  is  not  restricted  by  the  topology  of  the  object  or  by  the  orientation 
of  the  initial  setup.  With  the  development  of  LM,  volumetric  data  has  been  suggested  as  an 
alternative  modeling  tool  for  mechanical  components  [1][2]. 

In  this  paper,  a  voxel-based  modeling  with  multi-resolution  wavelet  transform  for  layered 
manufacturing  is  presented.  Instead  of  the  Batelle-Lamarie  wavelet  and  the  Difference  of 
Gaussian  (DOG)  wavelet  which  were  implemented  in  [11][12],  the  Haar  wavelet  is  chosen  in 
this  work.  The  benefit  of  the  Haar  wavelet  is  that  it  can  be  used  with  integer  variables  during 
transform.  Therefore,  storage  size  and  computation  time  can  be  effectively  reduced  comparing 
to  other  wavelets,  which  use  float  or  double  variables.  A  bit  remainder  index  is  applied  in  this 
system  to  accommodate  arbitrary  data  size  during  the  wavelet  transform  [19].  Primitive  voxel 
editing  functions  are  included  for  model  creation  and  shape  modification.  Marching  Cube 
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algorithm  and  lossless  polygon  reduction  are  implemented  before  building  the  STereoLithograph 
(.STL)  files.  This  voxel  modeling  system  is  coded  in  Java  and  Java3D  Application  Programming 
Interface  (API)  for  its  portability.  To  demonstrate  these  concepts,  components  with  different 
resolutions  built  from  voxel  model  creation  to  LM  are  presented  at  the  end  of  this  paper. 

2.  Voxel-based  Modeling 


Figure  1 :  Voxel-based  Modeling  System. 


A  voxel-based  modeling  starts  from  constructing  a  voxmap  of  the  object.  The  voxmap  is  a 
three-dimensional  data  array  that  is  generated  through  voxelization  of  an  object.  To  voxelize  an 
object,  we  first  divide  the  volumetric  object  into  small  cubes  (voxel)  with  equal  sizes.  Then  an 
integer  value  is  assigned  to  each  voxel  to  describe  its  property  and  stored  in  the  corresponding 
volume  buffer  (voxmap).  Because  voxel  is  a  basic  atomic  unit  of  a  volumetric  object,  voxel- 
based  model  is  convenient  when  representing  objects  from  three-dimensional  scanned  data,  when 
modeling  activity  is  based  on  digitized  operations,  and  when  the  output  consists  of  only  discrete 
values  [2][3][7][16][17].  In  this  paper,  a  voxel-based  modeling  system  is  presented  as  shown  in 
Fig.  1.  First,  the  object  is  created  from  pixel  extrusion  and  revolving  operations.  It  is  stored  in  a 
voxmap  and  can  be  modified  by  a  built-in  modeler  consisting  of  various  Boolean  operations  and 
section  editing  functions.  Direct  conversions  from  3D  scanned  image  data  to  voxmap  is  not 
implemented  here  because  most  scanner  vendors  support  these  functions  with  their  hardware.  To 
reduce  the  storage  requirement  of  the  voxmap,  a  multi-resolution  wavelet  transform  is 
implemented  in  the  system.  Before  visualizing  the  model,  inner  surfaces  are  removed  and  outer 
surfaces  are  smoothened  by  a  Marching  Cube  (MC)  algorithm.  However,  the  MC  usually 
generates  too  many  small  triangle  elements  on  the  surfaces.  Therefore,  a  simple,  but  loseless 
Polygon  Reduction  (PR)  is  applied  to  the  iso-surfaces  before  converting  to  a  STL  file  for  LM. 
Detailed  discussion  of  the  system  is  given  in  the  next  few  sections. 
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3.  Multi-resolution  Wavelet  Transform 

Although  voxmap  provides  a  very  simple  data  structure  for  digitized  models,  it  suffers  from 
the  limitations  on  resolution  and  storage.  For  digitized  models,  resolution  is  expressed  in  terms 
of  the  number  of  pixels  (voxels)  used  in  the  x,  y  and  z  directions.  Image  with  high  resolution 
needs  more  pixels  than  that  of  low  resolution.  For  instance,  doubling  the  image  resolution 
requires  eight  times  more  storage  space  in  three  dimension.  On  the  other  hand,  resolution 
requirements  are  not  the  same  for  all  applications.  In  practice,  some  applications  need  higher 
resolution  and  others  trade  higher  resolution  with  faster  access  speed.  To  satisfy  both  demands,  a 
multi-resolution  wavelet  transform  is  implemented  in  our  system.  The  basic  idea  of  multi¬ 
resolution  wavelet  transform  is  to  express  functions  with  a  collection  of  coefficients,  each  of 
which  has  some  limited  information  in  both  data  size  and  resolution  [14][15].  Using  multi¬ 
resolution  wavelet  transform,  users  can  easily  retrieve  both  coarse  and  detail  information  of  the 
model  without  heavy  computation  penalty.  The  Haar  wavelet  is  chosen  in  this  work.  The  benefit 
of  the  Haar  wavelet  is  that  it  can  be  used  with  integer  variables  during  transform.  Therefore, 
storage  size  and  computation  time  can  be  effectively  reduced  comparing  to  other  wavelets  using 
float  or  double  variables.  Next,  the  Haar  wavelet  and  bit-remainder  algorithm  used  in  this 
system  will  be  discussed. 


3.1  Haar  Wavelet 
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(a)  scale  function  (b)wavelet  function  (c)  scale  functions  for  different  resolution  when  n=2  (d) 
wavelet  functions  for  different  resolution  when  «=3. 

Figure  2:  Haar  wavelet  functions 

Wavelet  transform  has  two  basic  functions,  scale((p)  and  wavelet  (\j/)  functions  as  shown  in 
Fig.  2.  Before  wavelet  transform,  one  dimensional  data  with  2"  samples  are  mapped  into  initial 
scale  functions  ((p„,y),  where  j  varies  from  0  to  2”-l.  From  wavelet  transform,  samples  are 
divided  into  two  different  regions,  coarse  and  detail  data  by  averaging  and  subtracting  two 
neighboring  samples.  This  process  can  be  done  recursively  until  there  remains  one  element  in 
the  coarse  data.  Therefore,  wavelet  transform  can  be  done  for  maximum  n  times  if  the  data  set 


418 


has  2"  samples.  During  transformation,  wavelet  and  scale  functions  follow  these  relations  in  Eq. 
(1)  through  Eq.  (3)  and  their  shapes  are  represented  as  shown  in  Fig.  2(c)  and  (d). 


<Pij  =<p(2'x-y) 


(1) 

(2) 

(3) 


where  (p(.x)  =  1  for  (0  <  x  <  1)  and  0  otherwise  and  \|i(x)  =  1  for  (0  <  x  <  0.5),  -1  for  (0.5  <  x< 
1.0),  and  0  otherwise;  1=0,1,. and  y=0,l,...,2'-l.  If  a  data  set  consists  of  two- 
dimensional  array  such  as  a  2-D  image,  wavelet  transform  is  applied  to  both  row  and  column 
directions.  Then,  the  size  of  the  coarse  data  ((p  (y)  (p  (x))  becomes  one  quarter  of  the  previous 
coarse  image  after  one  transform.  Fig.  3  shows  an  example  when  wavelet  transform  is  applied 
twice  in  both  row  and  column  directions.  The  black  circle  in  Fig.  3(a)  is  reduced  to  its  1/16  size 
as  shown  in  the  top  left  comer  of  Fig.  3(b)  from  two  times  wavelet  transform  and  rest  of  the 
region  in  Fig.  3(b)  indicates  detail  data 


(a)  initial  image  (b)  wavelet  transformed  domain 
Figure  3:  wavelet  transform  for  an  image 


3.2  Bit-remainder 

After  one  wavelet  transform,  data  is  divided  into  two  regions:  coarse  and  detail  data.  Both 
must  have  exactly  the  same  number  of  samples.  Therefore,  it  is  necessary  to  have  data  with  2" 
samples  in  order  to  keep  even  numbers  for  every  transform.  If  an  image  has  an  arbitrary  size  that 
does  not  match  2",  artificial  inflation  to  the  nearest  2”  must  be  done  before  transforms.  For 
example,  an  object  with  144xl28-pixel  size  image  must  be  expanded  to  the  size  of  256x256 
before  wavelet  transformation.  Obviously,  this  artificial  inflation  increases  the  size  of  an  image 
and  wastes  processing  time.  This  problem  is  much  more  serious  when  we  apply  wavelet 
transform  to  voxmap  since  it  is  a  three-dimensional  array.  To  reduce  this  problem,  a  bit- 
remainder  index  is  added  to  the  wavelet  transform  [19].  With  the  bit-remainder  index,  images 
with  arbitrary  size  can  be  transformed  without  artificial  inflation.  The  basic  idea  of  bit- 
remainder  index  is  to  keep  the  size  of  data  in  even  for  every  wavelet  transform.  If  the  initial 
data  set  needs  r  times  wavelet  transform,  a  binary  index  array  with  r  elements  is  created  first; 
each  index  element  corresponds  to  one  wavelet  transform.  For  wavelet  transform  with  even 
array  size,  ‘0’  is  assigned  to  the  index;  for  wavelet  transform  with  non-even  array  size,  ‘1’  is 
assigned  to  the  index  and  one  null  element  is  appended  to  the  initial  data  set.  In  this  way,  data 
set  maintains  even  for  wavelet  transform  and  bit-remainder  index  keeps  track  how  many  null 
elements  are  added.  This  process  is  reversible,  i.e.  the  initial  data  set  can  be  recovered  from  a 
reverse  transform.  A  simple  2-D  example  can  illustrate  this  method.  Suppose  a  2-D  data  set 
with  140x128  samples  needs  to  have  wavelet  transforms  for  five  times.  Using  this  method,  the 
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data  size  after  each  wavelet  transform  are:  (70x64),  (35x32— >36x32),  (18x16),  (9x8-^10x8), 
and  (5x4).  The  second,  fourth  and  fifth  transforms  produce  non-even  data  size  in  x  direction  and 


null  elements  are  added  to  the  sample  in  x  direction.  The  x-  and  y-  bit-remainder  indices  become 


{0,0, 1,0,1}  and  {0,0,0, 0,0}. 


With  the  traditional  wavelet  transform,  this  data  set  need  to  be 


inflated  to  256x256,  while  this  method  only  adds  ten  index  bits  and  two  null  elements 


(142x128). 


4  Model  Creation 


Figure  4:  Object  Creation  Figure  5:  Section  view  and  its  local  editing 


Two  basic  image  operators,  extrusion  and  revolution,  are  included  in  this  voxel-based 
modeling  system  for  model  creation.  A  two  dimensional  canvas  is  called  when  designers  need  to 
create  or  modify  an  object.  After  designers  paint  the  section  shape  in  the  canvas,  the  Minkowski 
addition  operator  is  used  to  extrude  the  section  with  a  given  distance  and  direction  [6]  [13].  Fig. 
4  shows  a  two-dimensional  canvas  window,  extrusion  input  dialog  and  parts  created  by  extrusion 
and  revolution.  Model  can  be  modified  with  the  same  way:  voxels  on  the  intersection  plane  are 
extracted  to  the  two-dimensional  editing  canvas  (Fig.  5). 


5  Model  Visualization 

In  order  to  visualize  the  voxel  data,  standard  MC  [9]  is  used  for  iso-surface  extraction. 
Because  one  voxel  has  eight  vertices,  the  number  of  different  cases  of  occupied/non-occupied 
vertices  is  2^  =  256.  With  the  help  of  symmetric  conditions,  they  are  reduced  to  fifteen  distinct 
cases.  Based  on  this  look-up  table,  one  to  four  triangles  are  created  in  one  voxel  for  the  feature’s 
boundary  surface.  With  the  MC  algorithm,  iso-surface  generation  from  voxmap  is  simple  and 
straightforward.  But  this  algorithm  tends  to  create  so  many  triangles  that  enormous  triangle 
entities  reduce  the  over-all  system  performance  and  increase  the  time  needed  for  generating 
StereoLithograph  Contour  file  (SLC)  for  LM.  To  reduce  the  number  of  polygons  from  a  set  of 
triangles,  a  simple  Polygon  Reduction  (PR)  scheme  is  implemented  in  the  system.  There  are 
many  PR  algorithms  reported  in  the  literature  [4][5][10].  Cost  of  the  edges  are  determined  by 
the  normal  vectors  of  the  surfaces  as  defined  in  Eq.  (4)  and  the  less  the  cost,  the  little  there  has 
geometric  changes.  Therefore,  PR  with  zero  cost  is  equal  to  the  loseless  polygon  simplification. 
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where  T„  is  the  set  of  triangles  surrounding  vertex  u  and  T„v  is  the  set  of  two  triangles  share 
vertices  u  and  v.  and  riuv  are  the  normal  vectors  of  the  triangles  in  T„  and  T„v  Cost  functions, 
cost(M,v)  and  cost(v,M),  are  different  from  the  formulation.  Since  our  goal  is  to  merge 
unnecessary  triangles  without  altering  the  shape,  we  only  merge  vertices  when  cost  is  zero.  All 
the  vertices  in  the  voxmap  will  pass  through  this  polygon  reduction  test  until  zero  cost  exists. 
Once  the  PR  is  completed,  STL  file  can  be  generated  easily  because  the  whole  surface  of  the 
model  is  covered  with  triangles,  which  matches  the  native  format  of  STL  files.  At  this  point,  the 
part  is  ready  for  LM. 


(a)  detect  an  edge  (b)  remove  surfaces  (c)  update  vertex 
Figure  6:  Surface  Removal  from  each  edge’s  cost  function 


6.  Example 


> 

c 

Figure  7:  Initial  voxe! 

model  (117x117x80) 

Figure  8:  Wavelet  transformed  voxels(59x59x40) 

•i 

Figure  9:  Wavelet  transformed  voxels  (30x30x20)  Figure  10:  polygon  reduction 


In  this  section,  simple  models  created  from  a  voxel-based  modeling  system  and  fabricated  by 
SLA- 190  are  presented.  The  initial  model  is  created  using  revolving  operator  and  stored  in  a 
117x117x80  voxmap.  Multi-resolution  wavelet  transform  with  bit-remainder  indices  is  used 
twice  to  reduce  the  model  size  to  59x59x40  and  30x30x20.  Models  with  different  resolutions 
are  displayed  in  two  ways:  voxel  surface  and  iso-surface  in  Fig.  7  to  Fig.  9.  In  the  left  hand  side, 
voxel  surface  models  with  stair  case  effect  in  the  center  support  region  are  displayed.  In  the  right 
hand  side,  iso-surface  models  with  smoothened  surfaces  are  shown.  Comparison  among 
different  resolutions  is  listed  in  Table  1.  Due  to  the  multi-resolution  characteristics,  the  number 
of  voxels,  vertices,  edges  and  triangles  are  decreased  significantly  after  wavelet  transform.  To 
fabricate  this  component  using  LM,  we  applied  polygon  reduction  to  reduce  the  number  of 
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triangles.  As  an  example,  we  took  the  final  shape  fi'om  Fig,  9  and  applied  the  polygon  reduction 
scheme.  The  results  are  shown  in  Fig.  10.  In  the  last  row  of  Table  1,  numbers  of  triangles  after 
polygon  reduction  for  different  resolutions  are  listed  for  comparison.  From  triangles  and  normal 
vectors  generated  from  PR,  STL  files  are  created  and  parts  are  built  in  the  SLA- 190  machine  as 
shown  in  Figure  11.  The  sample  ratio  among  these  three  objects  with  different  resolution  is  1:1, 
1:8  and  1:64  due  to  multi-resolution  wavelet  transforms.  For  comparing  the  difference  in 
resolution,  parts  are  scaled  up  so  that  all  features  have  the  same  dimension  as  shown  in  Fig.  1 1(b). 


Table  1.  Models  with  different  resolutions 


voxmap  size 

117x117x80 

59x59x40 

30x30x20 

total  voxels 

1,095,120 

139,240 

18,000 

vertices 

29,530 

7,600 

1,830 

edges 

88,584 

22,794 

5,484 

triangles 

59,056 

15,196 

3,656 

triangles  with  PR 

1,940 

1,100 

446 

Figure  1 1 :  Parts  from  SLA-190.  (a)  parts  built  with  same  voxel  size  (b)  parts  scaled-up  to  the 

initial  size. 


7.  Conclusion 

Voxel-based  modeling  system  that  supports  multi-resolution  was  presented  in  this  paper. 
This  system  is  programmed  with  Java  and  Java3D  API.  It  is  portable  to  any  system  as  long  as  a 
Java  compiler  is  presented.  To  control  the  size  of  the  data  set,  wavelet  transform  and  bit- 
reminder  index  are  applied.  We  found  that  multi-resolution  function  is  very  useful  when  the 
balance  between  model  quality  and  process  efficiency  is  needed.  Simple  Boolean  operators  and 
section  editing  functions  are  implemented  in  the  system  but  much  more  need  to  be  done.  In 
addition,  model  after  PR  can  be  easily  converted  to  STL  files  for  LM.  To  further  accuracy 
improvement  to  the  wavelet  transformed  model,  combination  of  voxels  with  different  resolution 
is  under  development. 
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Abstract 


The  paper  proposes  a  method  for  rapid  prototyping  (RP)  fractal  geometry  represented 
objects.  RP  technology  has  made  possible  the  physical  fabrication  of  solid  freeform  objects. 
However,  contemporary  CAD/CAM/RP  systems  are  developed  for  Euclidean  geometry  and  are 
incapable  of  handling  self-similar  fractal  objects  (e.g.  jewelry  products).  To  address  the  problem, 
a  Radial- Annular  Tree  (RAT)  data  structure  is  proposed  to  represent  Iterated  Function  Systems 
(IFS)  fractal  curves.  RP  toolpaths  can  then  be  generated  from  the  RAT  data  structure.  Geometry 
modeled  in  the  RAT  data  structure  can  also  be  combined  with  Euclidean  geometry  from 
traditional  CAD  systems  to  make  aesthetic  patterns  for  the  jewelry  industry. 

Introduction 


Rapid  prototyping  (RP)  technology  has  made  possible  the  physical  fabrication  of 
solid  freeform  objects.  The  input  to  RP  is  either  a  solid  model  or  closed  surface  model  prepared 
from  computer-aided  design  (CAD)  systems.  However,  the  contemporary  CAD  or  RP  systems 
are  developed  for  Euclidean  geometry.  It  is  thus  beneficial  to  widen  the  geometric  scope  of  CAD 
and  RP  to  non-Euclidean  geometry.  For  instance,  many  products  in  jewelry  industry  will  adopt 
aesthetic  appealing  patterns  existed  in  nature.  In  mathematics,  natural  objects,  likes  clouds, 
terrain,  trees,  can  be  described  by  fractal  geometry.  In  order  to  fabricate  jewelry  prototype,  a 
CAD  model  for  fractal  geometry  is  needed. 

Kerekes  [1]  is  probably  the  first  to  generate  a  fractal  tree  structure  in  three  dimensions 
with  Stereolithography  (SL)  RP  machine.  The  example  is  generated  without  any  help  from  CAD 
as  the  structure  is  extremely  complex.  However,  Kerekes  has  not  reported  much  details.  Lee  [2] 
has  reviewed  various  commercial  CAD  systems  being  used  for  fractal  design.  All  software  have 
functions  for  2-D  fractal  image  generation  and  processing,  but  none  of  them  has  addressed  the  3- 
D  fractal  object  rapid  prototyping.  In  jewelry  making,  Lee  et  al  [3]  has  proposed  an  integrated 
CAD  and  RP  approach.  The  discussion  is  only  based  on  Euclidean  geometry  domain.  In  fact, 
CAD  and  RP  systems  available  in  the  market  for  jewelry  making  cannot  handle  fractal  geometry 
yet. 

In  this  research,  RP  of  fractal  geometry  is  achieved  indirectly.  Fractal  geometry  is 
first  modeled  into  some  computer  understandable  format.  The  information  is  then  imported  to 
Euclidean  CAD.  Conventional  CAD  modeling  and  editing  operations  are  applied  before  RP  tool 
path  is  generated  for  making  the  physical  fractal  geometry  prototype. 

The  Fractal  Geometry 

From  the  foundation  work  of  Mandelbrot  [4],  fractal  geometry  provides  a  way  to 
describe  and  to  model  aesthetic  object,  especially  for  those  not  easily  created  by  Euclidean 
geometry.  Fractal  is  by  definition  a  set  for  which  the  Hausdorff-Besicovitch  dimension  strictly 
exceeds  the  topological  dimension.  It  is  used  to  describe  the  fragmentation  of  an  object.  A 
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common  property  of  fractal  object  is  self-similar,  i.e.  a  fractal  is  a  shape  made  of  parts  similar  to 
the  whole  in  some  way.  One  deterministic  approach  to  generate  or  to  approximate  a 
mathematical  fractal  object  is  to  use  Iteration  function  system  (IFS)  [5].  An  IFS  is  a  family  of 
specified  contraction  mappings  that  map  a  whole  object  onto  the  parts,  unionize  all  the  parts  and 
iteration  of  these  mappings  will  result  in  convergence  to  an  invariant  set  [6],  i.e.  a  fractal.  From 
the  viewpoint  of  geometric  modeling,  unionization  in  IFS  is  regularized  in  order  to  maintain  the 
validity  of  the  operands  in  further  iteration.  Thus  the  equation  of  Regularized  Iterated  Function 
System  generation  is 

F*  (5)  =  F(F^-‘  (5))  =  U  ’  (F*-'  (S))  k=  2,  3,...  ( 1 ) 

/=1  ’ 


where  S  =  self-similar  segment,  F=  iterated  function,  and  n=iteration  number. 

In  this  research,  focus  will  be  put  on  2D  fractal  curves.  In  particular,  the  quadric 
Koch  curve  will  be  used  to  illustrate  the  methodology.  Fractal  curves  are  self-similar  and 
continuous,  but  they  are  nowhere  differentiable.  The  quadric  Koch  curve  consists  of  a  generator 
and  an  initiator.  The  generator  is  a  multi-segment  polyline  (5)  which  is  also  used  to  derive  the 
IFS.  The  initiator  is  a  square  which  is  used  to  derive  transformations  for  replicating  other  copies. 
Figure  1  shows  an  18-segment  quadric  Koch  curve.  The  IFS  has  totally  eighteen  functions  F=(/j 

Jjg)  that  will  contribute  to  a  combined  transformation  from  the  whole  S  to  each  parts fj^S). 

According  to  Equation  (1),  the  number  of  transformations  in  the  IFS  equals  to  eighteen  (i.e.  n  - 
1 8),  such  that 

F^{S)  =  F(F‘-’(5))  =  U  'UF'-\S))  ^2) 


The  Radial-Annular  Tree  data  structure 


In  order  to  represent  an  IFS  generated  fractal  curve  in  a  computational  form,  a  RAT 
data  structure  is  developed  [7].  The  RAT  data  structure  is  based  on  a  vertex-link  scheme.  The 
data  node  of  RAT  consist  of  three  elements,  a  set  of  coordinate  values,  a  sibling  pointer  and  a 
child  pointer.  The  geometry  information  of  a  vertex  is  its  coordinate  values.  The  sibling  pointer 
points  to  the  next  node  in  same  level.  The  child  pointer  points  to  the  next  higher-level  node  in 
order  to  inherit  lower  level  information.  Figure  1  also  illustrates  the  RAT  levels  corresponding  to 
the  1 8-segment  quadric  Koch  curve.  To  generate  the  tool  path  for  RP,  the  circumferential  nodes 
of  the  RAT  will  be  traversed. 


Capability  of  RAT  data  structure 

In  addition  to  direct  making  of  fractal  curve,  the  RAT  data  structure  can  also  combine 
with  Euclidean  geometry  in  traditional  CAD  systems  to  model  aesthetic  patterns  for  jewelry 
industry. 

Fractal  curve  on  free-form  surface 

A  fractal  pattern  for  engraving  or  embossing  can  be  prepared  by  projecting  a  fractal 
curve  onto  a  free-form  surface.  Figure  2  shows  an  example  which  parallel  projects  an  18- 
segment  quadric  Koch  curve  onto  a  NURBS  surface,  denotes  a  punctured  NURBS  surface 
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V  V  V 

while  denotes  a  trimmed  NURBS  surface  with  the  projected  fractal  curve  •  Pnoie 
formed  by  subtracting  the  original  NURBS  surface  with  a  projected  volume  of  fractal  curve 


while  P, 


is  formed  by  subtracting  the  original  NURBS  surface  with  P^^^^ 

(P  ) 

V  fractal  / 

-  |p  -  Vol  (p 

If  mUBS  proj  V  fractal 


Mathematically, 


V  V 

P  -  Vol 

^  Hole  ^  NURBS  ^  ^^proj 


P  =P 

^  Trim  ^  NURBS 


P  =  P 

^  Hole  ^  NURBS 


)J 


P  Vol 

The  interior  of  the  projected  fractal  curve  forms 

modeling  work  space,  W,  i.e. 


(P  1 

V  fractal 


ly  intersecting  with  the 
)-  {x.y,z)\3(x.y,z’)ep^,);iw  pj 


where  z  ’  is  arbitrary  selected  with  no  duplication.  In  practice,  the  coordinate  values  of  the  RAT 

p 

represented  are  translated,  scaled  and  projected  onto  the  NURBS  surface.  Thus,  a  variant 

of  the  18 -segment  quadric  Koch  curve  with  piecewise  ffee-form  curve  segment  is  generated. 


Fractal  solid  modeling 

In  order  to  construct  a  solid  model  with  fractal  boundary,  the  RAT  represented  fractal 
curve  can  be  transformed  in  Euclidean  CAD  system.  The  fractal  curve  is  treated  as  the  operand 
point  set  for  extrusion,  revolution,  lofting,  sweep,  etc.  [8].  Figure  3  shows  the  workflow  of 
embedding  the  RAT  represented  fractal  curve  into  contemporary  CAD  work  flow.  Figure  4 
shows  a  twist-extruded  fractal  solid  with  twice  iterated  1 8-segment  quadric  Koch  curve.  Figure  5 
shows  a  twist-extruded  fractal  solid  with  offset  twisting  vector.  Figure  4  shows  a  revolved  fractal 
solid  in  three  quarters  turn.  Figures  7  and  8  show  a  lofted  fractal  solid  and  a  spirally  lofted  fractal 
solid  respectively.  In  the  above  illustration  examples,  the  RAT  information  of  a  particular  fractal 
curve  level  is  communicated  with  Euclidean  CAD  system  via  IGES. 

Discussion  and  Conclusion 


A  workflow  for  rapid  prototyping  fractal  geometry  has  been  outlined.  This  is 
demonstrated  with  a  2D  quadric  Koch  curve.  It  can  be  seen  that  the  RAT  data  structure  plays  a 
central  role  in  bridging  the  gap  between  fractal  geometry  and  Euclidean  geometry.  Figure  8 
shows  other  fractal  curves  [9]  with  different  generators  and/or  different  initiators  that  can  be 
constructed  using  the  generation  scheme.  However,  the  RAT  data  structure  is  applicable  for 
fractal  curves  that  can  be  formulated  in  IFS.  Other  data  structure  may  be  needed  for  non-IFS 
fractal  curve. 

The  approach  also  provides  a  user-friendly  way  to  design  jewelry  products,  such  as 
pendant,  button,  bangle/bracelet,  brooch,  medal  and  cufflinks.  To  further  extend  the  geometric 
coverage,  true  fractal  solids  like  Meger  sponge  [10]  can  also  be  integrated  with  Euclidean  CAD. 
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( I8~segment  polyline) 


Figure  1.  An  18-segment  quadric  Koch  curve  and  the  corresponding  Radial- Annular  Tree  data  structure. 
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Figure  3.  Fractal  solid  rapid  prototyping  workflow. 
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Figure  6.  Revolution  generated  fractal  solid. 


Figure  7.  Lofting  with  cross-sections  in  different  scales. 
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Aditad  Vasinonta,  Jack  L.  Beuth  and  Raymond  Ong 

Department  of  Mechanical  Engineering 
Carnegie  Mellon  University 
Pittsburgh,  PA  15213 


Abstract 

Control  of  melt  pool  size  is  critical  for  maintaining  consistent  build  conditions  in  the 
solid  freeform  fabrication  of  complex  shapes.  In  this  research,  melt  pool  size  in  laser-based 
solid  freeform  fabrication  processes  is  studied  for  both  thin-walled  structures  and  bulky  parts. 
Numerical  simulations  are  used  to  construct  non-dimensional  plots  (termed  process  maps)  that 
quantify  the  effects  of  changes  in  part  height,  laser  power,  deposition  speed  and  part  preheating 
on  melt  pool  size.  Strategies  for  the  control  of  melt  pool  size  suggested  by  the  process  maps  are 
similar  for  the  two  geometries.  Insights  are  given  as  to  how  transitions  between  these  two 
extremes  in  geometry  can  be  managed  to  maintain  a  consistent  melt  pool  size.  This  modeling 
work  is  being  performed  in  tandem  with  process  development  and  melt  pool  imaging  and  control 
research  underway  on  the  LENS  process  at  Sandia  National  Laboratories. 


Nomenclature 


T  =  temperature  in  degrees  Kelvin  Tm 

Those-  base  plate  and  wall  preheat  temperature  Q 

a  =  fraction  of  laser  power  absorbed  by  the  wall  V 

k  =  thermal  conductivity  p 

c  -  specific  heat  t 

L  =  part  length  h 

W  =  bulky  part  width  d 

I  =  melt  pool  length  w 


melting  temperature 
laser  power 
laser  velocity 
density 
wall  thickness 
part  height 
melt  pool  depth 
melt  pool  width 


Introduction 

A  critical  issue  in  developing  solid  freeform  fabrication  (SFF)  processes  as  rapid 
manufacturing  techniques  is  the  control  of  "build  conditions,"  defined  as  thermal  conditions 
allowing  a  particular  part  to  be  fabricated.  Consistency  in  build  conditions  is  typically  defined  in 
terms  of  a  consistent  melt  pool  size  during  the  construction  of  a  part  or  feature.  Previous  work 
by  the  authors  [1-3]  has  investigated  this  issue  for  2-D  thin- walled  structures  and  has  presented 
strategies  for  controlling  build  conditions  (by  maintaining  a  consistent  melt  pool  size)  while  also 
limiting  residual  stresses  (by  controlling  thermal  gradients).  The  control  of  melt  pool  size  and 
thermal  gradients  in  2-D  thin-walled  structures  was  addressed  via  three-dimensional  plots  of 
dimensionless  process  variables  (termed  process  maps)  developed  from  thermal  models  of  laser- 
based  material  deposition. 

Current  research  extends  the  process  map  concept  developed  for  2-D  thin-walled 
structures  to  3-D  bulky  parts.  A  process  map  for  melt  pool  size  for  bulky  parts  has  been 
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developed  through  thermal  simulations  of  a  simple  3-D  structure.  It  addresses  the  effect  of 
changes  in  process  variables  (laser  power,  laser  velocity  and  part  preheat  temperature)  and 
geometry  (part  height)  on  melt  pool  size.  Comparing  the  process  maps  for  thin-walled  and  bulky 
structures  provides  insight  into  how  to  control  melt  pool  size  for  these  two  extremes  in  geometry 
and  how  to  handle  transitions  between  them  in  a  single  part.  Furthermore,  an  understanding  of 
these  two  basic  types  of  structures  can  form  the  basis  for  understanding  process  control  issues  in 
the  building  of  much  more  complex  shapes. 

The  principal  application  of  this  work  is  to  the  Laser  Engineered  Net  Shaping  (LENS) 
process  currently  under  development  at  Sandia  National  Laboratories  [4].  The  process  maps 
presented  in  this  paper  have  been  developed  to  aid  in  both  manual  and  automated  process  control 
efforts  currently  underway  at  Sandia  Labs  [5].  Although  this  research  is  directed  toward  the 
LENS  process,  the  approach  taken  is  applicable  to  any  solid  freeform  fabrication  process 
involving  a  moving  heat  source.  Similarly,  although  stainless  steel  (SS304)  is  treated  in  the 
current  work,  the  same  approach  can  be  applied  to  other  materials. 

In  the  next  section,  the  2-D  and  3-D  structures  analyzed  in  this  study  are  presented,  along 
with  details  of  the  finite  element  models  and  boundary  conditions  used.  Nondimensionalization 
schemes  used  to  develop  the  process  maps  for  both  geometries  are  given.  In  the  succeeding 
section,  the  process  maps  are  presented  with  rules  for  how  results  can  be  applied  to  the 
prediction  and  control  of  melt  pool  size.  A  comparison  of  melt  pool  sizes  between  the  two 
geometries  is  then  presented.  Finally,  process  control-related  insights  for  transitions  between  the 
two  geometries  are  discussed. 


Geometry  Considered.  Numerical  Model  and  Analytical  Solution 


Figure  la.  Thin-Walled  Structure  Figure  lb.  Bulky  Part 

Schematics  of  both  the  thin-walled  and  bulky  part  geometries  are  shown  in  Fig.  1.  In  the 
LENS  process,  parts  are  constructed  by  focusing  a  high  power  laser  onto  a  metal  substrate, 
where  streams  of  metallic  powder  are  simultaneously  injected.  The  laser  locally  melts  the 
powder  to  form  a  molten  melt  pool  on  the  top  surface  of  the  growing  part.  By  moving  the  laser 
beam,  the  material  is  added  to  the  part  and  the  part  is  built  up  line-by-line  and  layer-by-layer. 
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In  the  modeling  of  this  study,  it  is  assumed  that  both  the  thin-walled  and  bulky  parts  are 
fabricated  on  large  fixed-temperature  metallic  substrates,  which  act  as  thermal  heat  sinks. 
Models  are  also  constructed  such  that  the  distance  traveled  by  the  laser  and  the  length  of  the 
structures  in  the  x-direction  are  large  enough  that  steady  state  thermal  conditions  exist  at  the  melt 
pool.  Numerical  models  used  in  this  study  do  not  include  the  effect  of  convective  heat  transfer 
from  the  wall  free  surfaces  to  the  surrounding  air  and  do  not  model  convective  flows  in  the  melt 
pool  itself.  Work  by  Dobranich  and  Dykhuizen  [6]  suggests  strongly  that  the  role  of  these 
effects  in  determining  melt  pool  size  is  not  significant.  The  models  of  this  study  also  represent 
the  laser  as  a  point  source  of  heat,  neglecting  the  distribution  of  laser  power  over  the  melt  pool 
region.  Assuming  a  point  source  of  power  is  reasonable  given  the  goal  of  this  study,  which  is  to 
capture  changes  in  melt  pool  size  and  other  parameters  as  a  function  of  changes  in  the  process 
variables  outlined  above.  Accuracy  in  the  absolute  predictions  is  of  secondary  importance. 
However,  comparisons  between  experimentally  determined  melt  pool  sizes  for  thin-walled 
structures  and  model  predictions  show  reasonable  agreement  [3]. 

The  meshes  and  boundary  conditions  used  for  typical  2-D  thin-walled  and  3-D  bulky  part 
thermal  models  are  shown  in  Figs.  2  and  3  respectively.  For  both  geometries,  a  concentrated 
heat  source  moves  across  the  top  surface  of  the  model,  which  is  initially  at  a  uniform  temperature 
T  =  Those-  The  finite  element  models  have  been  created  using  the  ABAQUS  software  package. 
Because  of  high  temperature  gradients  in  the  region  near  heat  source,  the  grid  of  each  model  is 
biased  toward  the  region  that  will  surround  the  heat  source  at  the  time  when  results  are  to  be 
extracted  from  the  model.  In  addition  to  comparisons  with  analytical  solutions  valid  for  large 
substrates,  the  convergence  of  each  mesh  was  checked  against  a  model  with  roughly  half  the 


Figure  2.  2-D  Thermal  Model  and  Boundary  Conditions 

For  the  case  of  a  thin-walled  structure,  four-noded  bilinear  thermal  elements  were  used  to 
form  the  mesh  of  the  2-D  model.  It  is  assumed  that  the  thin  wall  is  fabricated  by  depositing 
material  along  a  single  row;  thus,  the  thickness  of  the  wall  is  comparable  to  the  melt  pool  size. 
As  illustrated  in  Fig.  2,  an  insulated  boimdary  condition  is  imposed  on  the  top  and  both  vertical 
sides  of  the  substrate.  Sensitivity  studies  have  shown  that  thermal  results  are  not  significantly 
affected  by  boundary  conditions  along  these  surfaces  being  specified  as  either  insulation  or 
convection.  By  using  a  2-D  model,  it  is  also  assumed  that  there  is  no  heat  loss  through  the  front 
and  back  surfaces.  The  temperature  along  the  substrate  bottom  is  specified  as  fixed  at  the  value 
equal  to  the  temperature  of  the  base  plate. 

A  typical  mesh  for  a  3-D  bulky  part  simulation  is  shown  in  Fig.  3,  generated  using  eight- 
noded  linear  brick  thermal  elements.  Because  of  symmetry  across  the  Xq-Zq  plane,  only  half  of 
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the  3-D  structure  is  modeled.  Analogous  to  the  2-D  model,  insulated  boundary  conditions  are 
imposed  on  all  free  surfaces.  The  heat  flux  across  the  symmetry  plane  (the  Xq-Zo  plane)  is  set  to 
zero  and  the  temperature  of  the  substrate  bottom  is  held  at  the  temperature  of  the  base  plate. 

V 


Thermal  properties  of  AISI  304  stainless  steel  (SS304),  which  is  used  in  the  LENS  and 
other  SFF  metal  deposition  processes,  are  used  as  inputs  for  the  temperature-dependent 
simulations.  Thermal  properties  were  taken  from  [7]  and  are  also  comparable  to  those  used  by 
Chin,  et  al.  [8]  and  Klingbeil,  et  al.  [9]  in  thermomechanical  modeling  of  the  Shape  Deposition 
Manufacturing  process.  The  properties  used  in  the  model  that  are  set  to  depend  on  temperature 
are  specific  heat  and  thermal  conductivity.  The  latent  heat  of  the  liquid-solid  phase  transition  is 
also  included  in  the  model. 


The  normalization  schemes  used  to  develop  process  maps  in  this  paper  are  based  on  the 
analytical  solutions  of  conductive  heat  transfer  by  Rosenthal  [10].  Representation  of  numerical 
simulation  results  in  terms  of  the  normalized  variables  defined  below  is  exact  only  in  the  case  of 
temperature-independent  thermal  properties.  The  goal  of  developing  process  maps  for  laser- 
based  SFF  processes  is  to  use  dimensionless  variables  to  collapse  a  large  number  of  numerical 
simulations  into  an  easily  used  format,  keeping  errors  caused  by  temperature  dependent 
properties  within  acceptable  limits.  As  suggested  by  the  Rosenthal  solution  for  a  point  source  of 
heat  moving  across  a  2-D  semi-infinite  thin  substrate,  a  process  map  for  melt  pool  size  for  a  thin- 
walled  structure  is  represented  through  three  dimensionless  variables:  the  normalized  melt  pool 
length  (I),  the  normalized  height  of  the  substrate  (h)  and  the  normalized  melting  temperature 
(!„,),  which  are  defined  as  follows: 


/  = 


and 


-  T  -T 

rp  _  m  base 


2k/ 


2k/ 


c(Q/ 


(1) 


'pcV  /pcV  /  T^t 

Using  this  normalization  scheme,  results  for  normalized  melt  pool  length,  / ,  are  presented  as  a 
function  of  normalized  wall  height,  h  ,  and  normalized  melting  temperature,  . 


435 


Analogous  to  the  case  of  a  2-D  thin  wall,  the  3-D  conductive  heat  transfer  solution  by 
Rosenthal  suggests  that  the  process  map  for  melt  pool  size  of  a  bulky  part  can  be  represented  by 
three  dimensionless  variables:  the  normalized  melt  pool  depth  {d\  the  normalized  height  of 
substrate  {h)  and  the  normalized  melting  temperature  ( ).  The  melt  pool  depth  is  chosen  to 

represent  the  size  of  melt  pool  for  3-D  bulky  parts  because  it  can  be  related  to  how  well  newly 
deposited  material  is  fused  to  the  top  surface  of  the  part.  The  dimensionless  variables  for  the 
process  map  for  bulky  parts  are  defined  as  follows: 


Note  that  the  normalized  melting  temperature  for  the  two  geometries  is  defined  differently. 

Process  Map  for  2-D  Thin-Walied  Structures 


Figure  4.  Process  Map  for  Melt  Pool  Length  for  2-D  Thin-Walled  Structures 

A  process  map  for  melt  pool  length  for  a  thin-walled  structure  with  a  concentrated  laser 
heat  soirrce  moving  across  it  has  been  developed  and  reported  in  [1-3].  The  work  described  in 
[1]  uses  slightly  different  normalization  rules  than  the  more  accurate  rules  used  in  [2],  [3]  and 
herein.  The  process  map,  which  is  shown  in  Fig.  4,  consists  of  three  surfaces  plotted  on  three 
coordinate  axes.  The  middle  surface  was  developed  from  several  numerical  simulations  with 
temperature-independent  properties  performed  with  differing  wall  heights  in  order  to  get  the 
dependence  of  /  an  h  .  The  dependence  of  I  on  was  then  determined  from  the  same 

simulations  by  assuming  different  values  of  Tm.  The  results  from  temperature-dependent 
simulations  are  also  represented  in  Fig.  3  by  upper  and  lower  surfaces  that  boimd  the 
temperature-independent  results.  The  space  between  these  surfaces  reflects  the  range  in  results 
seen  when  process  variables  are  varied  over  the  range  of  specific  interest  in  the  LENS  process. 
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That  range  consists  of  values  of  oQ  from  43.2  to  165  W,  V  from  5.93  to  9.31  mm/sec  and  Thase 
from  30°  C  to  400°  C.  The  maximum  range  in  values  of  /  for  fixed  h  and  due  to  the 

temperature  dependence  of  properties  is  less  than  13%  of  the  nominal  value  of  I .  Thus  if  the 
mean  values  of  /  for  a  fixed  value  of  are  consistently  used,  the  maximum  error  is  ±  6.5%. 

The  detailed  assumptions  and  procedures  for  obtaining  and  using  the  process  map  for 
melt  pool  length  are  given  in  [3].  In  brief,  the  process  map  of  Fig.  4  can  be  used  effectively  for 
SS304  deposition  within  the  range  of  process  parameters  of  interest  in  the  LENS  process  by 
applying  the  following  four  rules: 

1.  Properties  of  SS304  at  1000  K  are  used  in  the  normalization; 

2.  For  cases  involving  a  change  in  preheat,  a  linear  change  in  thermal  conductivity 
with  a  preheat  temperature  is  assumed,  as  given  in  the  following  equation, 

^  =  24.3  +  0.013(7;^,, -30)  W  l{mKY  (3) 

3.  For  predicting  steady-state  melt  pool  lengths  due  to  a  change  in  process 
variables,  wall  thickness  is  assumed  to  scale  proportionally  with  melt  pool 
length;  and 

4.  It  is  assumed  that  the  melt  pool  length/wall  thickness  scaling  is  unaffected  by 
velocity. 

Melt  pool  sizes  determined  by  real-time  thermal  imaging  experiments  [5]  have  been  compared 
with  model  predictions  using  the  process  map  of  Fig.  4  and  the  rules  outlined  above  [3]. 
Reasonable  agreement  is  seen  in  melt  pool  length  values  and  the  predictions  of  the  process  map 
clearly  capture  the  trends  in  the  measured  results. 

Process  Map  for  3-D  Bulky  Structures 

In  this  section,  results  are  presented  from  modeling  the  LENS  process  for  deposition  of 
SS304  to  form  3-D  bulky  parts.  The  normalization  scheme  for  3-D  structures  given  in  eq.  (2)  is 
used.  The  process  map  has  been  developed  using  concepts  similar  to  those  used  for  2-D  thin- 
walled  structures;  however,  melt  pool  depth  is  chosen  to  be  the  parameter  representing  melt  pool 
size  instead  of  melt  pool  length.  Melt  pool  depth  is  chosen  because  it  determines  how  much  of 
the  top  of  the  existing  layer  is  melted  by  a  newly  deposited  layer.  In  laser-based  SFF  processes, 
controlling  melt  pool  depth  as  a  part  is  built  is  important  for  ensuring  fusion  at  interlayer 
boundaries.  If  the  melt  pool  depth  is  too  small,  not  enough  of  the  top  portion  of  the  existing 
material  will  be  melted  during  deposition  and  poor  interlayer  bonding  will  result. 

Although  it  is  important  to  control  melt  pool  depth  to  ensure  part  quality,  it  is  a 
difficult  parameter  to  monitor  by  thermal  imaging  or  other  methods.  However,  the  3-D 
Rosenthal  solution  for  a  point  heat  source  moving  across  a  semi-infinite  substrate  suggests  that, 
for  a  tall  bulky  part,  the  depth  of  the  melt  pool  is  identical  to  one  half  of  the  width  of  the  melt 
pool,  independent  of  laser  power,  laser  velocity  and  preheat  temperature.  Thus  for  tall  parts, 
melt  pool  widths  measured  via  thermal  imaging  techniques  can  be  compared  directly  to  predicted 
melt  pool  depths.  Also,  it  is  planned  to  use  thermal  model  results  to  quantify  the  ratio  of  melt 
pool  width  to  melt  pool  depth  as  a  function  of  part  height,  to  facilitate  the  use  of  real-time 
thermal  images  of  melt  pool  width  to  precisely  control  melt  pool  depth.  It  should  be  noted  that  it 
is  also  possible  to  relate  melt  pool  areas,  which  are  easily  extracted  from  thermal  images,  to  melt 
pool  depths.  However,  if  changes  in  laser  velocity  are  allowed,  the  ratio  of  melt  pool  area  to 
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melt  pool  depth  will  be  a  function  of  laser  velocity,  laser  power  and  preheat  temperature  in 
addition  to  part  height.  Because  of  this,  melt  pool  width  is  generally  a  more  useful  measurable 
parameter  to  control  as  a  means  for  controlling  melt  pool  depth. 


Figure  5.  Process  Map  for  Melt  Pool  Depth  for  3-D  Bulky  Structures 

The  process  map  developed  for  3-D  bulky  parts  (shown  in  Fig.  5)  consists  of  three 
surfaces  plotted  on  three  coordinate  axes,  generated  using  several  numerical  models  with 
different  part  heights.  Similar  to  the  process  map  for  2-D  thin-walled  structures,  the  middle 
surface  is  generated  from  simulations  assuming  temperature-independent  properties.  Within  the 
limitation  of  this  assumption,  this  surface  is  very  general  and  is  applicable  to  any  laser-based 
SFF  process  involving  thermal  deposition  of  any  single  material.  The  two  bounding  surfaces 
developed  from  temperature-dependent  simulations  reflect  the  range  in  results  seen  when  process 
variables  are  varied  over  the  range  of  practical  use  in  the  LENS  process. 

As  for  the  process  map  for  thin-walled  structures,  results  from  temperature-dependent 
simulations  are  normalized  using  the  properties  of  304  stainless  steel  at  1000  K,  with  the  linear 
change  in  thermal  conductivity  as  given  in  eq.  (3)  applied  for  cases  involving  a  uniform  preheat. 
The  maximum  range  in  values  of  d  for  fixed  h  and  is  16%  of  the  nominal  value  of  d  . 

Thus  if  the  mean  values  of  d  for  a  fixed  value  of  are  used,  the  maximum  error  is  ±  8%, 

which  is  slightly  higher  than  the  range  of  melt  pool  lengths  (  / )  for  the  process  map  for  2-D  thin- 
walled  structures.  If  properties  at  1 100  K  are  used  to  normalize  the  3-D  results,  maximum  errors 
can  be  further  reduced  to  approximately  ±  6.5%.  However,  use  of  the  same  normalization 
scheme  for  both  thin-walled  and  bulky  parts  offers  advantages  in  comparing  melt  pool  sizes 
between  the  two  geometries  and  in  understanding  transitions  between  them. 

It  can  be  seen  in  both  Figs.  4  and  5  that  for  a  fixed  value  of  h  ,  melt  pool  size  (/  for  a  2- 
D  thin  wall  and  d  for  a  3-D  bulky  part)  increases  with  increasing  Tbase  or  Q  (either  of  which 
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decreases  ).  Moreover,  a  change  in  Tbase  can  be  compensated  for  by  a  change  in  Q,  to  retain  a 
desired  melt  pool  size.  When  the  part  is  relatively  tall,  the  fixed  temperature  at  the  base  is  not 
seen  at  the  melt  pool,  h  has  no  significant  effect  on  the  size  of  melt  pool,  and  the  results 
approach  those  for  an  infinitely  large  part.  In  contrast,  h  has  a  considerable  effect  on  melt  pool 
size  when  the  part  is  relatively  short,  with  d  and  /  dropping  rapidly  as  h  is  reduced. 

When  comparing  melt  pool  sizes  for  the  two  extreme  geometries,  it  is  found  that,  for  the 
same  set  of  process  variables,  melt  pool  sizes  extracted  from  the  process  map  for  3-D  bulky  parts 
are  much  smaller  than  those  extracted  from  the  process  map  for  2-D  thin-walled  structures.  For 
example,  for  a  tall,  thin  wall,  using  typical  process  variables  of  (XQ  =  105  W,  F=  7.6  mm/s,  and 
Tbase"^  303  K  (and  a  wall  thickness  of  1.3  mm)  the  melt  pool  length  calculated  from  the  process 
map  is  equal  to  1.4  mm.  For  the  same  process  variables,  the  melt  pool  depth  and  melt  pool 
length  for  a  tall,  3-D  bulky  part  are  found  to  equal  0.40  mm  and  0.85  mm  respectively.  The 
considerable  difference  in  melt  pool  lengths  between  the  two  geometries  (1.4  mm  and  0.85  mm) 
is  due  to  the  fact  that  there  is  more  material  to  conduct  heat  away  from  the  melt  pool  in  the  3-D 
bulky  part. 

To  keep  melt  pool  size  constant  while  transitioning  from  thin-walled  to  bulky  features, 
laser  power  must  be  increased.  For  the  case  considered  above,  to  obtain  a  melt  pool  size  of  1.4 
mm  in  a  bulky  feature,  the  absorbed  laser  power  must  be  increased  from  105  W  to  160  W. 
Decreasing  laser  velocity  and  using  part  preheating  can  also  increase  melt  pool  size;  however, 
these  measures  cannot  be  used  alone.  Within  the  practical  range  of  laser  velocity  and  part 
preheating  in  the  LENS  process,  melt  pool  size  changes  from  each  of  these  process  changes  are 
not  large  enough  to  regain  the  thin-walled  feature  melt  pool  size. 

Conclusions 

In  this  paper,  process  maps  have  been  presented  for  predicting  and  controlling  melt  pool 
size  in  the  building  of  thin-walled  and  bulky  stainless  steel  structures  by  laser-based  SFF 
processes.  For  each  of  the  two  geometries,  all  numerical  model  predictions  have  been  collapsed 
onto  a  single  three-dimensional  plot  of  dimensionless  process  variables.  The  process  map  for 
bulky  parts  could  have  been  made  more  accurate  by  developing  normalization  rules  specifically 
for  that  geometry;  however,  both  process  maps  presented  herein  use  the  same  normalization 
rules,  making  a  direct  comparison  between  the  geometries  easier.  The  process  map  for  bulky 
parts  quantifies  values  of  melt  pool  depth,  which  is  the  key  parameter  to  control  for  consistent 
build  conditions.  Although  melt  pool  area  is  typically  tracked  in  bulky  parts  via  thermal  imaging 
measurement  and  control  systems,  melt  pool  width  is  a  better  parameter  to  monitor 
experimentally,  due  to  its  more  direct  link  to  melt  pool  depth. 

A  comparison  of  melt  pool  sizes  between  the  two  geometries  shows  that,  for  the  same  set 
of  process  variables,  the  size  of  the  melt  pool  decreases  substantially  when  transitioning  from 
thin-walled  to  bulky  features  (decreasing  by  39%  in  the  example  cited  herein).  To  maintain 
consistent  build  conditions,  decreasing  the  laser  velocity  or  base  plate  preheating  alone  is  not 
sufficient  and  a  substantial  increase  in  laser  power  is  needed  (a  52%  increase  in  the  cited 
example).  A  detailed  comparison  of  predictions  from  the  two  process  maps  (not  presented  in  this 
paper)  reveals  that  most  process  control -related  insights  and  implications  relevant  to  2-D  thin- 
walled  structures  also  apply  to  3-D  bulky  parts.  For  example,  practical  levels  of  uniform  part 
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preheating,  which  is  pursued  as  a  means  to  decrease  residual  stresses,  does  not  increase  melt  pool 
sizes  significantly  for  either  geometry.  Furthermore,  any  increase  in  melt  pool  size  can  be 
eliminated  by  a  small  decrease  in  laser  power  or  increase  in  laser  velocity.  It  is  also  clear  from 
both  process  maps  that  considerably  smaller  melt  pool  sizes  are  seen  for  short  structures.  Thus 
control  of  melt  pool  size  as  a  part  is  built  up  from  a  base  plate  is  important.  Because  it  does  not 
significantly  change  melt  pool  size,  base  plate  preheating  is  not  sufficient  to  address  this 
problem. 
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Abstract 

The  method  described  can  be  used  to  observe  the  cure  in  epoxy  resins,  it  is  a  sensor  to 
serve  as  an  on  line  monitoring  system  of  physical  change  of  the  resins  during  the  curing  time  and 
the  future  behaviour  of  the  part  built.  It  is  also  proposed  that  the  method  can  be  applied  in 
Stereolithography  (SL).  In  this  paper  the  method  permits  a  rapid  determination  of  the  state  of 
chemical  reaction  happening  in  an  epoxy  resin  diglycidyl  ether  of  bisphenol  A  (DGEBA)  with  a 
curing  agent  triethylenetetramine  stoichiometric  mixture.  It  uses  a  mid  infrared  Fourier  transform 
(FT-IR)  technique  to  analyse  the  mixture  via  an  embedded  fibre  optic  and  an  FT-IR  spectrometer 
operating  in  the  region  of  4000-700  cm  ’ .  An  accmate  concentration  versus  time  of  epoxy  amine 
and  the  hydroxyl  groups  gave  a  good  estimate  of  the  extent  of  reaction.  The  chemical  group 
peaks  at  1132cm’’  and  3300-3400cm’’  where  used  to  follow  the  disappearance  of  the  epoxy,  and 
the  amine  respectively,  while  the  peak  at  2970cm'’  was  used  as  reference  peak.  A  review  of  a 
number  of  techniques  used  in  the  study  of  the  curing  process  of  epoxy  resins  and  a  number  of 
methods  used  in  an  on-line  monitoring  of  thermoset  resin  cure  process  is  referred  to 
Keywords:  Streolithography,  epoxy/amine  cure,  FT-IR  spectroscopy,  extent  of 
reaction,  fiber  optic  sensor. 


1 -Introduction 

Epoxy  resins  have  been  widely  used  for  adhesives,  protective  coatings  and  matrices  of 
many  materials  used  in  advanced  technologies,  they  are  also  used  to  build  rapid  prototyping  parts 
via  the  streolithography  process.  The  other  major  use  is  for  fiber-reinforced  composites  made 
from  high  strength  and  high  modulus  fibers,  embedded  in  a  matrix.  The  curing  process  of 
polymers  such  as  epoxy  resins  entails  the  conversion  of  liquid  monomers,  or  prepolymers,  which 
can  contain  reactive  epoxy  groups,  into  three-dimensional  polymer  networks.  The  mechanism 
and  kinetics  of  the  curing  process  determine  the  polymer  network  morphology,  which  in  turn 
determines  the  physical  and  mechanical  properties  of  the  cured  product.  For  these  reasons,  a 
fundamental  understanding  of  the  curing  process  is  the  first  target  to  optimize  the  processing  of 
fiber  reinforced  epoxy  composites. 

2-1-Litteraure  survey 

Various  techniques  have  been  used  to  investigate  the  curing  of  epoxy  resins,  and  these 
are  briefly  reviewed. 

Mijovic’  used  calorimetry  measurements  to  investigate  the  orientation  of  the  dipoles  in 
microwave  and  thermal  fields  and  compared  them  to  see  if  this  could  lead  to  different  network 
morphology.  Two  parameters  were  used  to  characterise  the  advancement  of  the  reaction,  which 
were  the  degree  of  cure  a  and  the  glass  transition  temperature  Tg.  These  were  calculated  from 
the  measurements  of  the  heat  evolved  in  the  cure.  It  was  found  that  these  parameters  increased 
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faster  with  temperature  and  time  in  the  thermal  field  rather  than  in  the  microwave,  and  that  a 
broader  Tg  range  suggested  a  broader  molecular  weight  distribution  and  hence  morphological 
heterogeneity.  When  Mijovic^  used  High  Performance  Liquid  Chromatography,  it  was  found  that 
three  types  of  hydrogen  bond  complexes  were  participating  in  the  reaction  of  epoxy  resin  with  an 
amine.  This  was  described  by  three  reaction  schemes,  epoxy  amine  complex  with  amino  group, 
epoxy  hydroxyl  complex  with  amino  group  and  epoxy  hydroxyl  complex  with  amine  hydroxyl 
complex,  which  occured  only  after  the  hydroxyl  complex  increased  to  saturation.  The  author  set 
out  an  approach  for  the  calculation  of  the  rate  of  the  reaction,  in  which  some  of  the  associated 
rate  constants  were  unreliable.  However,  the  reactivity  ratio  of  the  consumption  of  primary 
amine  hydrogen  atoms,  on  the  reactivity  of  the  secondary  amine  hydrogen  atom  on  the  same 
amino  group,  was  used  to  characterise  the  polymer  cross-linking  morphology. 

'X  •  « 

Gonis  used  differential  scanning  calorimetry  (DSC),  to  evaluate  the  activation  energies 
for  epoxies  of  varying  chain  lengths.  It  was  deduced  that  as  the  reaction  proceeded,  highly 
branched  macromolecules  began  to  form  and  a  step  increase  in  viscosity  was  indicative  of  the 
onset  of  gelation.  In  the  dynamic  mode,  only  the  over-all  reaction  process  could  be  analysed.  In 
the  isothermal  measurement,  the  fractional  conversion,  a ,  was  determined  by  dividing  the  heat 
evolved  during  cure  by  total  exothermal  energy.  The  overall  kinetics  of  cure  was  stated  and  used 
to  calculate  the  activation  energy  and  produce  the  rate  equation. 

Neilsen'^  used  the  analytical  capabilities  of  Gel  Permeation  Chromatography  for  studying 
the  curing  process.  He  calculated  the  average  molecular  weight  of  various  polymer  chain  lengths, 
the  activation  energy  and  estimated  the  rate  of  reaction  as  a  function  of  temperature  and 
conversion.  The  author  reported  that  the  equation  used  was  not  consistent  when  calculating  the 
activation  energy. 

Dynamic  Dielectric  Analysis  was  used  by  Maistros^;  measurements  of  capacitance  and 
inductance  over  the  curing  period  of  epoxy  resin  with  an  amine  were  carried  out.  A  correlation  to 
the  relative  permeativity  controlled  by  the  ionic  character  of  the  different  stages  of  curing  was 
made.  Immediately  after  mixing  a  high  interaction  between  the  reactant  induced  a  high  degree  of 
ion  in  the  mixture. 

Kozeiski^  used  chemiliminescence  (CL)  measurements  to  investigate  the  curing  of  epoxy 
resin  with  an  amine.  Some  peaks  from  the  plot  of  intensities  of  the  emitted  light  against  time 
were  assigned  to  the  hydroperoxide  reaction  and  oxidation  of  the  resin.  The  conclusion  was 
made  that  a  reasonable  correlation  existed  between  gelation  and  CL.  However  this  technique  is 
very  sensitive  to  the  increase  in  the  viscosity  during  the  network  formation,  while  gelation  is  not 
the  only  phenomena  that  occurs  in  the  network  construction. 

2-2-ConcIusion  of  the  literature  review 

From  this  investigation  it  has  been  concluded  that  none  of  these  techniques  are  suitable 
to  describe  the  development  of  the  chemical  reaction  between  epoxy  resin  and  curing  agents.  The 
most  consistent  technique  in  monitoring  the  curing  of  epoxy  amine  system  was  the  Fast  Fourier 
Transform  InfraRed  (FT-IR)  spectroscopy,  and  the  results  from  the  DSC  technique  could  be  very 
useful  to  adjust  the  FT-IR  results. 
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3-How  does  Infrared  spectroscopy  work? 

It  is  intended  to  concentrate  on  vibrational  spectroscopy,  and  to  use  an  FT-IR 
spectrometer  to  study  the  Mid-infrared  region  of  electromagnetic  spectra.  Here  the  technique  will 
examine  the  fundamental  vibrations  of  organic  and  complex  inorganic,  which  covers  the  region 
2.5  to  25pm.  The  interaction  between  the  electrical  component  of  electromagnetic  radiation  and 
the  dipolar  motion  in  the  molecules  is  the  basis  of  vibrational  spectroscopy.  The  dipole  of  the 
molecule  must  change  during  the  vibration.  CH,  NH  and  OH  groups  are  the  most  explicit  bonds 
in  the  mid-infrared  region.  Heteropolar  A-B  molecules  absorb  in  the  infrared  region,  but 
homopolar  A-A  molecules  do  not. 

FT-IR  spectroscopy  is  a  powerful  and  versatile  technique  for  monitoring  transient 
chemical  change  during  the  cure  process,  and  structural  change  during  the  deformation  process. 
It  offers  a  unique  possibility  to  obtain  detailed  information  about  molecular  orientation  and 
relaxation  behaviour.  The  goal  is  to  identify  the  characteristic  Mid-infrared  band  assignments, 
monitor  their  change  during  the  curing  process,  and  use  them  to  evaluate  the  reaction  rate,  and 
deduce  the  kinetics  of  reaction  and  mechanical  properties  of  the  products. 


4-Experiment  preformed 

4-1-The  embedding  of  the  sensor  in  the  resin  for  an  on-line  monitoring  of  the  cure  reaction 

An  optical  interface  was  made  from  a  set  of  gold-coated  mirrors,  a  pair  of  chalcogenide 
optical  fiber  cables  aligned  by  means  of  a  micro  holder.  This  was  set  on  the  same  bench  as  the 
spectrometer.  It  was  built  to  achieve  the  appropriate  alignment  of  the  two  fiber  optic  ends,  a 
micro  meter  was  added  as  mean  of  adjusting  the  gap  between  the  fibers  end  faces.  The  embedded 
fiber  optic  sensor  operating  in  the  mid-infrared  band  of  the  electromagnetic  spectra,  is  shown  in 
Figure  1. 


Figure  1  Two  optical  fibers  axially  aligned 

(a-  not  embedded  yet),  (b-  under  running  experiment,  while  embedded  in  the  epoxy/amine  system) 
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The  setup  for  the  embedding  method  was  linked  to  a  Jasco  410  spectrometer  fitted  with  a 
powerful  fast  Infrared  HgCdTe  detector;  coupling  two  Chalcogenide  fiber  optic  cables  via  an 
optical  interface  carried  this  out.  The  described  MCT  detector  was  cooled  in  liquid  nitrogen, 
which  provided  a  high  signal  to  noise  ratio.  Figure.  1  shows  also  that  a  mixed  resin  poured  on  the 
fiber  optic  sensor  at  the  gap  between  the  ends  faces,  which  is  already  adjusted,  by  an 
incorporated  micrometer  before  collecting  any  data. 

Note:  (The  equivalent  set-up  in  the  stereolithography  machine  is  described  in  Figure  9). 


4-2-Sample  preparation  from  DGEBA/TETA  reaction  and  Data  collection 

A  set  of  frequencies  was  chosen  (1 132  cm'',  3300-3400  cm''  and  2970  cm'')  to  follow  the 
development  of  the  reaction.  Analysis  of  the  data  enabled  the  information  on  the  rate  of  reaction 
at  any  time  during  the  cure  to  be  obtained. 


Their  vibrations  at  frequencies  characterized  the  reactants  and  products  involved  in  the 
reaction.  The  values  corresponded  to  vibrations  of  the  functional  groups  observed  in  the  curing 
of  DGEBA  (diglycidyl  ether  of  2,2’-bis(4-  hydroxypheny)  propane)  with  Triethylenetetramine 
(The  reaction  scheme,  for  this  process  is  shown  in  Figure  2). 
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Figure  2,  The  reaction  scheme  of  the  epoxy  resin  with  a  tiethylenetetramine 


4-3-Results 

Peaks  were  selected  from  the  spectrum  (Shown  in  Figure  3)  to  determine  the  state  of  cure 
as  a  function  of  time.  This  was  achieved  by  determination  of  the  rates  of  consumption  of  the 
oxirane  ring  group  (Corresponding  peak  P2  is  shown  in  Figure  4),  the  primary  amine 


444 


(Corresponding  peak  P3  is  shown  in  Figure  5)  and  appearance  of  hydroxyl  (Corresponding  peak 
P4  is  shown  in  Figure  5),  along  with  the  disappearance  of  secondary  amines.  The  increase  of  the 
tertiary  amine  was  determined  using  mathematical  manipulations. 

From  Figure  4  it  can  also  be  seen  that  the  epoxy  peak  and  ether  were  vibrating  at  the 
same  frequency  and  were  detected  a  1132cm’’.  This  is  supported  by  confirming  the  existence  of 
this  peak  in  spectrum  of  pure  DGEBA  epoxy  resin.  However  the  change  recorded  at  this  peak  is 
due  only  to  the  disappearance  of  the  epoxy  group  vibrations  as  can  be  seen  in  the  reaction 
scheme,  while  the  ether  group,  which  was  not  reacting  does  not  participate  to  that  change 


W  avenumber[cm-1  ] 

Figure  3.  Change  in  spectrum  of  the  mixture  over  time  as  shown,  to  for  initial  time  and  tf  final  time 


Wavenumber[cm- 1  ] 

Figure  4.  Change  in  the  peak  at  1132cm"^  with  time  for  oxirane  ring  of  epoxy 
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Wavenumber[cm-1] 

Figure  5.  The  disappearance  of  the  double  peak  atat  3300-3365  cm'*  and  the  appearance  of  the  peak  at 

3400  cm'*  over  24hours  time 

Figure  6  shows  the  ratio  of  the  area  measured  under  the  peak  P2  at  1135  cm''  to  the  area 
under  the  selected  refrence  PI  peak,  as  can  be  seen  from  Figure  4  at  2970  cm"'.  This  ratio  is 
proved^  to  be  directly  proportional  to  the  extent  of  reaction,  hence  to  the  concentration  of  the 
group  causing  the  vibration.  Figure  7  shows  the  ratio  of  the  area  under  the  peak  P3  at  3300-3400 
cm'',  characteristic  of  the  used  amine  as  curing  agent,  to  the  area  under  the  reference  peak  PI. 
This  is  also  directly  proportional  to  the  change  in  the  concentration  of  the  amine  over  the  curing 
period. 


Figure  6.  Ratio  of  area  under  epoxy  group  peak  to  area  under  reference  peak 
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Figure  V.Ratio  of  area  under  amine  group  peak  to  area  under  reference  peak 


5-Data  Analysis 

5-1-Kinetic  Mechanism 


The  reaction  under  study  was  a  stoichiometric  mixture  of  Epoxy  resin  /Amine  system 
prepared  at  room  temperature;  DGEBA  (Araldite  MY  750),  which  had  an  average  molecular 
weight  <  700,  and  TETA  (Hardener  HY  951)  were  used.  These  were  obtained  from  Ciba 
Specialty  Chemicals  Inc. 


The  stoichiometric  amounts  used  in  this  experiment  were  46  grams  of  TETA  to  186.56  grams 
of  DGEBA. 


This  reaction  follows  the  kinetic  equations  described  in  (1)  and  (2). 

E  +  P  . >  (1) 

E  +  S—^T  (2) 

k\  and  k2  define  the  bi-reaction  Rjj  R2J  involved  in  this  mixture,  which  are  the  reaction  of  the 
Epoxy  (E)with  the  Primary  amine  (P)  and  the  reaction  of  the  Epoxy  with  the  Secondary  amine 
(S),  to  end  up  with  a  Tertiary  amine  (T). 

Under  appropriate  kinetic  conditions,  the  following  reactions  occur  in  the  epoxy-amine 
mixture,  primary  amines  and  epoxy,  secondary  amine  and  epoxy.  On  this  basis,  the  general 
equations  for  the  rate  of  epoxy-amine  reactions  in  terms  of;  the  rate  of  disappearance  of  epoxy 
groups,  primary  amine  groups,  secondary  amine  groups  and  the  appearance  of  tertiary  amine  as 
product  of  the  reaction.  The  system  of  equations  in  (3)  describes  these  rates  or  reactions. 
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(3) 


at 

®  =  -i,[£][P] - b 

at 

at 

^=k,[E][S\ - d 


To  solve  this  set  of  differential  equations,  the  first  step  to  carry  out  is  translation  of  the 
above  equations  to  expressions,  which  relate  the  amounts  of  material  of  epoxy,  primary  amine, 
secondary  amine  and  tertiary  amine  at  any  time  over  the  curing  period.  Further  manipulation 
gives. 


Substituting  the  above  equation  n,  in  the  equation  b  from  the  system  (3)  gives  the  differential 
equation  which  represents  the  studied  Epoxy-amine  system. 


For  a  numerical  solution  of  the  ordinary  differential  equation  (5),  a  fourth  and  fifth 
Runge-Kutta  formula  was  used.  These  formulas  do  not  use  iterative  methods  to  solve  the  non¬ 
linear  equation;  they  are  self-starting,  not  requiring  more  than  immediate  past  values  of 
However  several  function  evaluations  per  integration  step  were  needed. 


In  this  work  the  ode45  function  was  used  in  the  Matlab  program  to  solve  the  above 
equation.  For  correlation  between  the  experimental  concentration  of  the  reactant  and  products 
involved  in  the  studied  system  and  the  simulated  data  estimated  by  the  above  model,  an  extra 
development  is  needed.  This  is  based  on  the  a  kinetics  of  reaction  mechanism,  for  which  non¬ 
linear  least  squares  method  was  used,  it  is  build  on  Newton’s  Gauss  method.  An  application  for 
the  studied  system  is  briefly  described  in  the  following  section. 


5-2-Solution  of  a  Non-linear  equation  by  Least  Squares 

For  a  function  y(x),  which  is  a  non-linear  function  of  the  coefficient,  the  following 
procedure  is  required,  it  is  based  on  Newton-Gauss  least  squares  method.  Assuming  that  there 
exists  an  initial  estimate  of  these  coefficients  oy,  02,  a3,...,am  of  a  polynomial  P(x)  and  that  by 

adding  infinitesimal  increments  5y,  82,  83, . ,5„,  an  improved  estimate  may  be  obtained.  The  new 

value  of  yi  is  given  by, 
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Then  it  is  required  that  the  difference  between  the  initial,  and  the  new  value  is  minimum,  which 
then  rearranged  to  give. 
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(8) 


The  term,  _y,  ->^(x,.),  is  known  as  the  residual,  r,-.  The  expression  above  is  a  set  of  m 

simultaneous  equations  for  the  m  increments  6],  62,  63, . ,Sm. 

These  equations  may  be  obtained  by  forming  a  matrix  D  that  contains  as  elements  A'> 


the  value  of  the  derivative 
element  =  y,.  -  y (x, ) 


,  evaluated  when  x=x/,  and  a  vector  r  for  which  the  general 

(10) 


The  solution  to  the  equation  (8)  is  given  by, 

da  =  \pY(Df(Dfr  (11) 

Having  obtained  the  increments  da,  they  are  added  to  the  original  a  values,  a=a+&,  and  the 
procedure  is  repeated  imtil  5as0. 

Figure  8.  shows  a  plot  of  the  simulated  concentration  changes  over  the  curing  period,  of 
the  epoxy,  primary,  secondary  and  tertiary  amines.  The  curve  in  circles  shows  the  experimental 
data  for  the  concentration  of  the  epoxy  as  recorded  by  FTIR  spectroscopy. 
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7-Conclusion 


For  an  optimum  processing  of  epoxy  resins  in  making  parts,  coating  or  composite 
materials,  an  understanding  of  the  phase  transfer  from  monomers  to  polymers  is  needed.  The 
achievement  of  such  a  goal  may  result  in  a  capability  to  reach  the  required  physical  properties  by 
setting  the  adequate  processing  schedule. 


An  optical  fiber  sensor  has  been  developed  and  successfully  embedded  in  an  epoxy 
/amine  system  to  monitor  the  progress  of  the  reaction  over  its  curing  period,  results  of  which  can 
be  translated  in  physical  parameters.  A  plan  is  also  given  for  an  implementation  of  this  sensor  in 
streolithography  resin,  during  its  curing  process  in  the  SLA  machine  under  UV  laser.  The 
monitoring  will  be  carried  out  for  the  post  cure  and  later  for  the  chemical  status  of  the  structure 
forming  the  end  part  over  the  operating  period. 


Mid-Infrared  spectroscopy  is  a  most  suitable  technique  to  follow  the  curing  of  the  epoxy 
hardener  mixture.  It  was  noticed  that  many  frequencies  from  the  obtained  spectra  were  changing 
in  a  significant  fashion;  these  were  correlated  to  a  number  of  reacting  groups  in  the  mixture,  and 
their  progress  was  monitored  over  time.  It  is  clear  that  this  technique  provided  a  direct 
measurement  of  the  change  in  concentration  over  time  of  any  element  involved  in  the  reaetion. 
The  method  developed  to  process  data  is  capable  of  calculating  all  the  chemical  parameters  of 
the  investigated  reaction.  This  is  based  on  converting  the  measured  variations  in  concentrations 
over  the  curing  period  to  two  constants  of  reactions  ki,  and  k2,  representing  the  reaetion 
involving  the  epoxy  and  the  primary  amine  and  the  reaction  of  the  epoxy  and  the  secondary 
amine  respectively,  which  is  achieved  by  minimizing  the  difference  between  the  experimental 
data  and  the  result  from  the  simulated  model.  The  values  for  the  reaction  DGEBA  and  TETA  of 
the  constants  of  reaction  are,  ki=  0.96  mins''  and  k2=  0.68  mins''. 

7-Recomendation 

Figure  9  shows  the  groove  made  in  the  part  built  in  the  SL  machine.  The  diameter  of  the 
groove  is  designed  to  carry  the  optical  fiber  sensor,  height  of  one  layer  in  the  SL  is  left  inbuilt 
from  the  diameter  of  the  groove,  this  permits  the  implementation  of  the  optical  fiber  cable  see 
Figure  9  b. 
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Figure  9  Set-up  of  the  optical  fiber  sensor  to  be  implemented  in  the  SLA  machine 

Part  building  is  then  continued;  the  next  layer  is  spread  until  the  sensor  will  be 
completely  immersed,  the  30-microns  gap  as  shown  in  Figure  9  b.  will  be  filled  with  the  resin. 
When  the  UV  curing  laser  of  200  microns  beam  diameter  passes  over  the  sensor,  at  hatch 
velocity  of  525  inches/second,  the  resin  in  the  gap  will  cure.  A  number  of  spectra  can  be 
collected  from  which  the  change  in  the  molecular  structure  of  the  resin  will  be  measured.  The 
effect  of  the  laser  curing  the  top  layers  will  also  be  recorded. 

The  sensor  will  carry  the  monitoring  process  of  the  reaction  progress  in  the  post  cure 
stage  of  the  part  under  UV  light,  as  well  as  in  the  future  of  the  part,  where  the  exterior  condition 
in  which  the  part  will  operate  participate  to  the  degradation  of  the  molecular  structure  of  the 
material. 
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Abstract 


This  paper  gives  a  brief  description  of  the  laser  aided  manufacturing  process.  Empirical 
models  describing  the  process  dynamics  of  the  laser  aided  metal  deposition  process  is  developed 
based  on  some  of  the  models  found  in  the  literature.  These  models  provide  the  basis  for  process 
planning  and  real  time  control.  An  embedded  vision  system,  a  two  color  temperature  sensor,  and 
a  laser  displacement  sensor  are  incorporated  for  real  time  monitoring  and  control  of  the 
deposition  process.  The  temperature  profile  of  the  surface  and  geometric  characteristics  of  the 
melt  pool  are  studied  to  ensure  consistent  operation  of  the  process. 

Introduction 

Lasers  have  a  tremendous  impact  in  manufacturing  industries.  With  laser  innovations,  the 
world  in  now  experiencing  the  use  of  optical  energy  in  a  wide  range  of  applications,  from 
materials  processing  to  Rapid  Prototyping  (RP).  The  use  of  lasers,  in  conjunction  with  metal 
powder,  is  one  of  the  latest  extensions  to  rapid  prototyping,  which  had  earlier  involved  plastic 
parts  exclusively.  Rapid  prototyping  using  lasers  has  enabled  the  fabrication  of  complex, 
near-net  shape  functional  metal  parts  directly  from  a  CAD  model  at  a  low  cost  and  offers  faster 
turn  aroimd.  Currently  this  technology  is  implemented  under  a  variety  of  names  such  as  Direct 
Light  Fabrication  (DLF),  Laser  Metal  Forming  (LMF),  Laser  Engineered  Net  Shaping  (LENS), 
Direct  Metal  Deposition  (DMD),  Selective  Laser  Cladding  (SLC),  etc.  Though  the  system 
description  and  specifications  of  each  of  these  vary,  they  all  rely  on  the  same  principle  of  part 
fabrication,  i.e.  layer  by  layer  deposition.  A  general  description  of  the  method  of  fabricating  a 
part  involves  utilizing  a  laser  to  melt  metal  powder  injected  by  a  nozzle  and  laying  down  clad 
tracks  via  a  positioning  system  having  a  controlled  motion.  In  some  cases  the  lasers  may  be 
directed  along  a  defined  path  and  tracks  are  laid  down  on  a  stationary  table.  To  control  the 
deposition  process  it  is  necessary  to  understand  the  process  system  mechanics  for  which  relations 
among  various  parameters  need  to  be  studied.  The  optimization  of  the  process  requires  the 
measurements  and  control  of  parameters  such  as  the  powder  feed  rate,  process  speed,  melt  pool 
temperature  and  melt  pool  quality.  During  the  last  few  years  many  sensors  have  been  tried;  the 
high  cost  of  such  equipment,  the  lack  of  real  time  or  on-line  control  have  led  developers  to  seek 
other  solutions.  The  use  of  laser  displacement  sensor,  temperature  sensor  and  CCD  matrix 
camera  with  embedded  image  processing  tools  are  sufficient  to  monitor  all  relevant  process 
parameters.  These  sensors  with  a  standard  data  acquisition  card  and  personal  computer  enable 
the  operators  to  interact  with  the  process  and  processing  parameters. 
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Empirical  Modeling  of  Laser  Aided  Metal  Deposition  Processes  (LAMD) 


The  process  mechanics  describing  processes  such  as  Laser  Cladding,  Laser  Forming, 
Laser  Ablation,  Laser  Welding,  Laser  Surface  Treatment,  Laser  Metal  Deposition  etc.,  are  the 
same,  except  for  certain  variations  in  the  control  parameters  describing  these  processes.  Some  of 
these  may  include  powder  deposition,  with  or  without  material  removal,  or  the  enhancement  of 
metal  properties  by  heat  treatment.  These  processes  require  certain  factors  such  as  dilution,  heat- 
affected  zone,  porosity,  clad  dimensions,  powder  catchment  efficiency,  etc.  to  be  monitored. 
Identifying  the  control  parameters  and  establishing  relations  to  describe  these  factors  forms  the 
basis  for  empirical  modeling.  The  first  step  involved  is  identification  of  parameters  and 
categorizing  them  into  dependent  and  independent  variables  based  on  certain  assumptions.  The 
need  for  these  assumptions  arises  from  the  system’s  flexibility  to  control  certain  parameters. 
Studies  have  to  be  conducted  by  varying  these  parameters  and  determining  their  effect  on  the 
part  quality  and  system  performance.  Figure  1  shows  the  classification  and  interaction  of 
different  system  parameters  (dependent  and  independent)  describing  the  metal  deposition  process 


Figure  1.  General  description  of  interacting  parameters  and  their  effect  on  quality  of  part 

The  second  step  involves  developing  analytical/empirical  relations  of  the  parameters 
describing  the  process.  The  final  step  involves  fitting  these  relationships  into  models,  performing 
specific  experiments  to  evaluate  the  model  constants,  and  specifying  the  conditions  for  which 
these  relations  hold. 
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A.  Process  Parameters 

Powder  Feeder:  Screw  fed  powder-feeding  systems  with  a  carrier  gas  is  the  general  powder 
feeding  system  used  in  many  deposition  processes.  The  powder  fills  the  screw  either  by  weight 
or  by  the  pressure  of  a  carrier  gas  in  the  hopper.  The  amount  of  powder  (in  weight)  being  driven 
by  a  twin-fluted  screw  per  revolution  can  be  expressed  as 

m  =  IpA^r  (1) 

where  m  is  the  powder  mass  per  revolution  (gm/rev),  r  is  the  feed  screw  helix  lead  (mm),  p  is 
the  powder  density  (gm/mm^),  and  Adis  the  cross  sectional  area  (mm^)  of  one  flute  measured  at  a 
right  angle  to  the  screw  axis.  In  practice,  density  depends  on  the  hopper  elevation,  acceleration 
(if  it  is  a  mobile  one),  void  factor  (ratio  of  the  space  of  air  to  that  of  solid),  particle  size,  powder 
viscosity,  and  powder  level  in  the  hopper.  If  Vm  is  the  motor  speed  (rev/sec)  then  the  powder 
mass  flow  rate  M(gm/sec)  can  be  expressed  as  (Li  et  ah,  1993) 

M  =  mV^  (2) 

By  controlling  the  amount  of  powder  flowing  into  the  melt  pool,  the  energy  input  to  the  substrate 
can  be  controlled,  thereby  governing  the  amount  of  dilution  that  will  occur  (Blake  et  al,  1985). 

Energy  Delivery  System:  The  amount  of  heat  input  to  a  process  depends  on  the  system 
parameters.  The  heat  delivered  should  be  sufficient  enough  to  melt  the  layers  for  proper  bonding. 
Overheating  results  in  more  dilution  and  the  part  may  melt  back.  The  laser  beam  diameter  at  the 
laser  material  interaction  is  defined  as  spot  size  {D)  and  can  be  obtained  from  the  relation 

D  =  D,ZIF  (3) 

where  D  is  the  laser  spot  size  (mm),  Db  is  the  laser  beam  diameter  (mm),  Z  is  the  laser  nozzle 
stand  off  (mm),  and  F  is  the  focal  length  of  the  focusing  lens  (mm).  Specific  energy  is  defined  as 

E  =  PjDv  (4) 

where  E  is  the  specific  energy  (J/mm^),  v  is  the  traverse  speed  or  feed  rate  (mm/sec),  and  P  is  the 
laser  power  (W). 

Powder  Utilization  Efficiency  (ijp):  The  powder  utilization  efficiency  is  expressed  as  the  ratio 
of  the  powder  delivered,  to  the  powder  deposited  on  the  substrate  within  the  duration  of  the  laser 
irradiation  on  the  substrate.  Powder  utilization  efficiency  also  depends  on  material  characteristics 
such  as  type,  particle  size,  and  shape  of  powder  particles.  It  can  be  expressed  mathematically  as 
(Hu  eta/.,  1998) 

rip  =Wj  W  (5) 

where  r]p  is  the  powder  utilization  efficiency,  Wc  is  the  net  clad  weight  (gm),  and  W  is  the  total 
weight  of  the  powder  delivered  (gm).  The  total  weight  of  the  powder  delivered  is  given  by 

t 

Pf=jM(0i//  (6) 

0 

where  t  is  the  time  (sec). 
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Lin  et  al.  (2000)  performed  experiments  to  determine  the  attenuation  of  optical  energy 
through  a  focused  powder  stream  and  through  a  columnar  powder  stream  for  different  nozzle 
stand  off  distances.  This  helps  in  determining  powder  utilization  efficiency  since  this  depends  on 
the  amount  of  energy  being  delivered  to  the  substrate. 

Dilution:  Dilution  can  be  defined  mathematically  as  the  ratio  of  the  clad  depth  in  the  substrate  to 
the  sum  of  clad  height  (above  the  substrate  surface)  and  clad  depth.  It  determines  the  amount  of 
the  liquid  layer  that  needs  to  be  formed  on  the  substrate  to  ensure  proper  layer  bonding.  There 
are  several  parameters  that  determine  the  amount  of  dilution.  These  parameters  include  the 
powder  flow  rate,  laser  power  delivered  to  the  substrate,  and  table  traverse  speed.  However  the 
dilution  mainly  depends  on  specific  energy.  If  specific  energy  is  below  a  certain  value 
bonding  between  the  layers  does  not  occur,  i.e. 

or  PlDv<K^^  (7) 

Also,  if  specific  energy  is  more  than  a  certain  value  {Kmai),  the  previous  tracks  may  melt  back, 
i.e. 

or  PIDv>K^  (8) 

These  values  of  specific  energy  can  be  used  as  indices  in  determining  the  range  over  which  other 
parameters  can  be  varied. 

Heat  Affected  Zone  (HAZ):  The  heat-affected  zone  is  the  region  beneath  the  bead  which  has  a 
different  microstructure  as  compared  to  the  unaffected  zone.  This  may  result  in  cracking  and 
surface  distortions  due  to  the  hardening  mechanism,  particularly  in  steel.  The  width  and  depth  of 
the  HAZ  can  also  be  used  as  indices  in  determining  the  range  of  variation  of  other  parameters. 
Specific  energy  determines  the  depth  of  the  heat-affected  zone.  For  a  given  powder  feedrate,  a 
higher  specific  energy  indicates  more  energy  will  be  transferred  to  the  substrate  and  the  depth  of 
the  heat-affected  zone  will  increase.  Hu  et  al.  (1998)  performed  experiments  to  show  that 
penetration  depth  increases  almost  linearly  with  increase  in  the  specific  energy. 

Porosity:  Porosity  occurs  due  to  cavities  between  tracks  that  form  from  overlapped  tracks  or  due 
to  the  evolution  of  entrapped  gases  in  the  clad  tracks.  Porosity  can  be  avoided  if  the  aspect  ratio 
(ratio  of  the  clad  width  to  clad  height)  is  more  than  five  and  the  percentage  overlap  is  less  than 
70%  (Steen  et  al,  1986). 

B.  Process  Model 

The  quality  and  surface  of  finish  of  the  part  fabricated  by  the  laser  metal  deposition 
process  is  determined  by  the  clad  geometry  and  its  dimensional  accuracy.  Bead  geometry  can  be 
defined  by  clad  width  and  clad  height,  which  depend  on  a  number  of  other  parameters.  Empirical 
relations  have  to  be  developed  to  determine  the  effect  of  these  parameters  on  clad  geometry. 
Specific  energy  can  be  used  to  regulate  the  clad  dimensions.  For  a  given  powder  flow  rate,  the 
clad  width  can  be  regulated  by  varying  the  specific  energy  delivered  to  the  substrate.  Also,  the 
specific  energy  depends  on  the  laser  spot  size  and  traverse  speed,  which  is  evident  from  equation 

(4). 
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Williams  and  Deckard  (1998)  showed  that  the  average  part  density  at  a  particular  specific 
energy  is  greater  for  a  larger  laser  spot  size.  The  range  for  which  the  traverse  speed  and  laser 
spot  size  cause  a  variation  in  bead  width  needs  to  be  determined  experimentally.  Also,  the  range 
of  traverse  speed  and  spot  size  is  limited  by  the  amount  of  dilution  as  seen  in  equations  (7)  and 
(8).  Thus,  the  relationship  between  bead  width  and,  traverse  speed  and  laser  spot  size  is  (Steen  et 
al,  1986). 

IT  =  £)(1  -  ov)  (9) 

where  W  is  the  bead  width  (mm)  and  a  is  an  empirical  constant.  Hu  et  al.  (1998)  showed  that  an 
increase  in  powder  flow  rate  results  in  wider  cladding  tracks  provided  the  other  variables  are 
kept  constant  and  there  is  sufficient  energy  available  to  form  a  clad.  The  net  clad  weight  can  be 
determined  from  the  relation 

W.  (10) 

0 

where  Wc  is  the  net  clad  weight  (gm).  Assuming  the  cross  section  of  the  clad  to  be  a  parabolic 
arch,  clad  height  can  be  theoretically  defined  as 

H,=3A/2W  (11) 

where  Ht  is  the  theoretical  clad  height  (mm)  and  A  is  cross  section  area  of  the  clad  (mm^).  Hu  et 
al.  (1998)  performed  experiments  to  show  that  the  clad  height  increases  with  increased  powder 
flow  rate  or  specific  energy,  or  with  a  decrease  in  traverse  speed.  An  empirical  relation  can  be 
developed  to  determine  height,  taking  these  factors  in  consideration. 

=  Z)M/v  (12) 

where  He  is  the  experimental  value  of  clad  height  (mm)  and  b  is  an  empirical  constant.  The 
experimental  values  of  clad  height  can  be  compared  with  the  theoretical  values  of  clad  height 
using  equations  (12)  and  (13). 

Aspect  Ratio:  Aspect  ratio  is  defined  as  the  ratio  of  clad  width  to  clad  height  and  is  expressed  as 

A.-WjH,  (13) 

From  equations  (10)  and  (13),  the  aspect  ratio  can  be  expressed  as 

4  =Z>(l-av)/(feM/v)  (14) 

Cladding  Rate:  The  cladding  rate  be  expressed  in  terms  of  overlap  factor  (i),  clad  width  (W), 
and  traverse  speed  (v)  as  (Manjuluri,  2001) 

C  =  (1  -  i)Wv  =  (1  -  /)(1  -  av)Dv  (15) 

where  C  is  the  cladding  rate  (mm  /sec)  and  /  is  the  overlap  factor,  which  is  defined  as  the  ratio  of 
the  part  of  the  bead  overlapped  to  the  overall  bead  width. 

Sensors  for  LAMP  Process 

The  quality  of  deposition  process  using  laser  aided  metal  deposition  process  is  controlled 
by  a  large  number  of  interrelated  parameters.  It  is  important  to  monitor  and  control  these 
parameters  to  ensure  consistent  and  efficient  operation  of  the  process.  We  show  in  this  article, 
that  the  use  of  a  two-color  temperature  sensor,  displacement  sensor  and  a  standard  CCD  camera 
enables  us  to  control  and  optimize  the  laser  cladding  process. 
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The  CCD  camera  is  used  to  find  the  geometrical  parameters  such  as  the  height  and  width 
of  the  track  in  real  time.  The  camera  also  provides  the  temperature  profile  of  the  melt  pool.  This 
provides  the  operator  with  information  related  to  process  parameters  like  dilution  factor  and  melt 
pool  quality.  Dual  color  infrared  temperature  sensors  measure  the  surface  temperature  of  objects 
without  contact.  The  sensors  work  is  based  on  the  principle  that  infrared  energy  emitted  by  an 
object  is  proportional  to  its  temperature.  The  temperature  output  signals  can  be  input  into  a 
computer,  for  process  monitoring  and  control.  Displacement  sensor  uses  high  precision  laser  to 
detect  small  vertical  displacement  with  30pm  resolution.  The  advantage  with  this  displacement 
sensor  is  that,  it  has  a  reasonable  stand  off  distance  (80mm)  and  works  efficiently  in  high 
temperature  environment.  Table  1  shows  important  parameters  provided  by  in-process  sensors. 


Tabic  1.  Summary  of  process  parameters  measured  by  sensors 


Sensors 

Dilution 

Quality 

Geometry 

Efficiency 

IR  Temperature 

Absolute 

temperature 

Dilution 

Melt  pool 
temperature 

Imaging 

Thermal  profile 

Cold  spots,  thermal  contour, 
melt  pool  profile,  and  porosity 

Bead  width 

Melt  pool 
quality 

Displacement 

Surface  finish 

Clad  height 

Track  dimensions 

A.  Shape  Measurements 

Preliminary  experiments  were  conducted  using  CCD  camera  and  imaging  techniques  to 
extract  dimensions,  thermal  profile  and  quality  of  the  molten  pool  in  mild  steel  sample  fabricated 
using  the  LAMD  process.  A  total  of  300  frames/run  were  recorded  at  a  rate  of  30  frames/sec  with 
a  CCD  camera.  The  results  shown  are  for  mild  steel  material,  at  a  laser  power  of  1 500W  and 
traverse  speed  of  10  mm  s  In  order  to  monitor  the  bead  geometry  during  the  process,  the  CCD 
camera  is  installed  right  on  top  of  the  nozzle  head.  The  image  captured  in  this  angle  enables  us  to 
compute  the  temperature  variation  in  the  melt  pool.  The  images  are  captured  during  the  off  time 
of  the  pulsed  mode  operated  laser.  Simple  algorithm  is  used  to  calculate  the  bead  length  and 
width  in  real-time.  The  bead  height  is  obtained  from  the  laser  displacement  sensor.  This  enables 
us  to  check  the  track  dimensions  being  deposited  online.  The  system  is  able  to  detect  fluctuations 
in  the  mass  feed  rate.  As  the  mass  feed  rate  increases,  the  height  of  the  tracks  also  increases,  up 
to  a  threshold,  after  which  lack  of  power  prevents  the  powder  to  correctly  bond  to  the  substrate. 
This  threshold  is  a  function  of  the  laser  power  and  the  beam  diameter.  (Griffith  et  al,  1998) 
Figure  2  shows  the  digital  image  of  the  molten  pool  and  the  adjacent  material  created  during  the 
processing.  The  field  of  view  encompasses  approximately  4  mm. 


Figure  2.  Sequence  of  images  taken  at  a  time  interval  of  1/60"'  of  a  second  during  laser  off  time 
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B.  Temperature  Measurements 

The  knowledge  of  the  thermal  behavior  is  critical  to  reliable  and  repeatable  fabrication 
during  LAMD  processing.  Our  initial  experiments  show  promise  in  both  monitoring  as  well  as 
understanding  the  thermal  behavior.  During  the  cladding  process  the  camera  scans  the  melt  pool 
and  provides  information  of  the  temperature  distribution  within  the  melt  pool.  Of  the  images 
acquired,  we  take  an  average  in  order  to  remove  unrepresentative  features  of  the  distribution  like 
the  movements  within  melt  pool  and  presence  of  bursting  bubbles  during  the  process,  which  lead 
to  large  fluctuations  in  temperature.  (Meriaudeau  et  al,  1997).  By  processing  the  images  we 
obtain  two  gaussian  distributions,  the  first  one  (low  gray  level)  is  related  to  the  cold  areas,  the 
other  gaussian  centered  on  the  average  temperature  contains  information  about  temperature 
distribution  within  the  melt  pool.  (Truchetet  et  al,  1996)  The  study  of  temperature  profile  of  the 
melt  pool  provides  us  important  parameters  like  dilution  and  melt  pool  quality. 

Dilution:  The  powder  flow  rate  and  laser  power  govern  the  dilution  of  the  melt  pool.  An  uneven 
distribution  of  the  temperature  is  the  result  of  unmelted  powder  particles  in  the  melt  pool,  due  to 
lower  laser  power.  This  introduces  porosity  and  poor  mechanical  properties.  As  the  laser  power 
increases,  the  surface  temperature  increases  resulting  in  higher  dilution.  This  causes  the  melting 
of  previous  tracks  and  residual  stresses  may  be  induced  upon  solidification  (Steen  et  al,  1986). 

Melt  pool  quality:  Thresholding  is  performed  on  the  averaged  image  of  the  melt  pool  cross 
section  to  obtain  the  geometric  characteristics  and  subsequently  the  melt  pool  quality.  A  well- 
formed  melt  pool  has  a  definite  boundary  with  finely  distributed  powder.  An  uneven  or  jagged 
boundary  is  a  result  of  uneven  distribution  of  the  powder  or  high  laser  power.  This  is  one  of  the 
important  aspects  of  quality  control. 

Control  Architecture  for  LAMD  Process 

A  closed  loop  control  system  is  designed  to  monitor  the  bead  width,  bead  height  and  melt 
pool  temperature  during  the  ongoing  process  and  correspondingly  the  process  parameters  are 
adjusted  in  order  to  achieve  desired  performance.  The  control  architecture  to  optimize  the  laser 
deposition  process  is  shown  in  Figure  3.  Adaptive  optimal  controller  based  on  empirical  process 
model  is  used  to  regulate  laser  power,  feed  rate,  and  powder  flowrate  to  obtain  an  efficient 
cladding. 


Powder 
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The  two-color  temperature  sensor,  displacement  sensor  and  a  standard  CCD  sensor,  monitor  the 
process  in  real-time  and  provide  the  process  parameters  (as  shown  in  Table  1)  to  the  adaptive 
controller.  Adaptive  controller  provides  control  output  in  the  form  of  powder  flow  rate,  laser 
power  and  feed  rate.  The  imaging  sensor  obtains  sequence  of  images,  which  are  processed  using 
image  processing  tools  to  provide  a  feedback  to  adaptive  controller.  Empirical  models,  which 
describe  the  process  dynamics,  were  used  to  design  the  adaptive  process  controller  to  optimize 
the  LAMD  process. 

Conclusion 


An  empirical  model  describing  the  process  mechanics  is  presented  for  the  LAMD 
process.  A  low  cost  system  using  laser  displacement  sensor,  temperature  sensor  and  CCD  matrix 
camera  has  been  presented  which  enables  the  operator  to  obtain  information  about  laser  cladding 
process.  Some  information  is  available  in  real-time  and  can  be  used  in  a  closed  loop  control.  The 
use  of  CCD  technology  enables  determination  of  the  clad  width  and  temperature  gradient  of  the 
melt  pool.  We  showed  that  the  data  provided  by  our  system  enables  us  to  improve  the  control  of 
the  cladding  process  through  an  adaptive  process  controller.  Effects  of  some  controller 
parameters  on  material  processing  are  investigated.  A  statistically  designed  experimental  matrix 
is  used  for  this  study. 
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Abstract 


Lasers  have  wide-ranging  applications  in  the  manufacturing  field  (e.g.,  cladding, 
welding,  cutting,  machining,  drilling).  Extensive  work  is  being  conducted  to  apply  laser  cladding 
as  a  Rapid  Prototyping  (RP)  process.  In  this  paper  the  authors  illustrate  various  principles  of 
laser  cladding  in  rapid  prototyping.  Important  process  parameters  for  the  control  of  the  laser 
cladding  process  are  discussed  as  well  as  the  experimental  methods  adopted,  and  results  obtained 
by,  various  authors. 


Introduction 


The  past  decade  has  witnessed  the  emergence  of  new  manufacturing  technologies,  where 
manufacturing  time  for  parts  of  virtually  any  complexity  is  measured  in  hours,  instead  of  days, 
weeks  or  months.  This  is  when  Rapid  Prototyping  (RP)  was  conceived.  Many  RP  technologies 
are  available  in  the  marketplace;  however,  these  technologies  utilize  plastic  (or  similar)  material 
to  create  parts  and,  thus,  many  parts  are  non-functional.  Sterolithography  Apparatus  was  the  first 
commercially  available  RP  system  that  successfully  produced  physical  prototypes.  It  enabled  the 
visualization  of  components  produced  directly  from  a  CAD  model  by  polymer  curing  with  lasers. 
Laser-based  RP  systems  have  been  introduced  as  a  means  of  creating  functional,  metal 
prototypes  with  near-net  shape  geometries  and  development  efforts  are  being  conducted  in 
research  centers  throughout  the  world  (Laeng  et  al.,  2000).  The  drawbacks  to  these  systems  are 
their  low  productivity  and  inability  to  consistently  regulate  part  quality  in  terms  of  mechanical 
properties  and  geometry.  To  overcome  these  drawbacks,  process  control  strategies  have  been 
utilized.  This  paper  provides  an  overview  of  this  body  of  research. 

Lasers  have  provided  industry  with  a  new  form  of  energy.  Their  wide  application  is  due 
to  their  ability  to  act  as  a  medium  for  communication,  photography,  and  medical  applications,  as 
well  as  their  ability  to  evaporate  materials  at  the  atomic  level.  Laser  applications  in 
manufacturing  industries  include  welding,  cutting,  surface  treatment,  and  ablation,  and  have 
recently  extended  their  potential  to  RP.  Laser-aided  RP  is  a  significant  advance  in  traditional  RP 
techniques  due  to  the  direct  fabrication  of  a  near-net  shape  part  compared  to  the  two  step  process 
involving  an  intermediate  step  of  mould  preparation  in  conventional  RP  techniques.  Laser  aided 
RP  is  advancing  the  state-of-the-art  in  product  design  by  extending  the  laser  cladding  concept  to 
RP.  Some  of  the  earlier  attempts  to  build  complex  parts  by  layer  addition  were  based  on  laser 
cladding  principles.  Studies  have  been  carried  out  to  determine  the  effect  of  process  parameters 
on  the  quality  of  the  clad  layer  (Weerasinghe  and  Steen,  1983).  The  quality  of  the  clad  layer  is  of 
importance  as  it  forms  the  building  block  of  the  prototype.  The  next  issue  of  concern  is  the 
bonding  (fusion)  of  layers  to  build  the  prototype.  Combining  these  issues  together  with  the 
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ability  of  the  system  to  orient  the  part  in  the  required  direction  during  deposition  makes  it 
possible  to  build  parts  with  complex  contours.  Experiments  were  also  carried  out  successfully  to 
develop  prototypes  based  on  these  principles  (Kreutz  et  ai,  1995).  Laser  Engineering  Net 
Shaping  (LENS)  has  demonstrated  the  feasibility  to  fabricate  geometrically  complex  shapes  with 
functional  materials  directly  from  a  CAD  model  (Keicher  et  al.,  1998).  Integration  of  layered 
manufacturing  and  material  removal  processes  is  the  latest  trend  in  rapid  prototyping.  This 
enables  the  manufacture  of  complex  geometries  with  increased  accuracy  and  surface  finish.  The 
deposition  of  each  layer  is  followed  by  machining  of  the  excess  material,  which  is  often  referred 
to  as  “exterior  sculpting”  (Kulkami  et  ai,  2000). 

This  paper  reviews  the  successful  application  of  Laser  Cladding  for  RP  and  the  control 
issues  for  this  application.  Laser  cladding  process  dynamics  and  process  parameters  are  studied 
to  determine  their  importance  in  real-time  control  of  the  laser  deposition  process. 

Previous  Work  in  Laser  Cladding  for  Rapid  Prototyping 

Laser  Cladding  is  a  material  processing  technique  in  which  a  laser  is  used  as  a  heating 
source  to  melt  the  alloy  powder  to  be  cladded  onto  a  substrate.  The  application  of  this  technique 
is  being  extended  to  obtain  layers  of  deposition  of  desired  height  and  width  with  superior 
properties  in  terms  of  pureness,  homogeneity  and  surface  finish.  Thus,  a  metal  prototype  can  be 
generated  by  selective  cladding  point— by-point  and  layer-by-layer.  Some  efforts  have  been 
made  to  produce  metal  prototypes  by  a  layer  additive  approach  (Kosh  et  al,  1993).  They  have 
examined  building  parts  in  one  and  two  dimensions,  taking  into  consideration  the  time  and  cost 
involved  in  the  process  as  compared  with  traditional  methods.  Direct  Light  Fabrication  (DLF), 
which  is  being  developed  at  Los  Almos  National  laboratory,  has  proven  capable  of  producing 
metal  parts  with  reasonably  good  accuracy  and  improved  metallurgical  properties  (Lewis  et  al, 
1994;  Milewski  et  al,  1998).  It  is  based  on  the  same  principle  of  adding  layers  until  a  near  net- 
shape  part  is  obtained.  One  such  application  was  carried  out  using  a  CO2  laser  with  inert  gas 
propulsion  of  material  powder  into  the  molten  pool  generated  by  laser  radiation  on  the  substrate. 
A  specially  designed  nozzle  was  used  for  this  specific  application.  The  movement  of  the 
substrate  in  X  and  Y  directions  in  combination  with  the  movement  of  the  optics  in  Z  direction 
and  a  simultaneous  change  of  nozzle  angle  allowed  the  generation  of  arbitrary  three-dimensional 
structures  (Kreute  et  al.,  1995).  The  geometry  of  the  clad  was  also  investigated  by 
metallographic  techniques  in  combination  with  optical  microscopy.  Laser  Direct  Cladding 
(LDC)  and  Selective  Laser  Cladding  (SLC)  are  based  on  the  same  principle  as  laser  cladding, 
where  a  gas  jet  containing  fine  metal  powder  is  directed  via  a  coaxial  nozzle  through  the  path  of 
the  laser  beam,  which  is  focused  slightly  above  the  workpieee.  The  powder  heats  up  to  form 
molten  particles  and  this  laser/melt  stream  is  traversed  across  the  workpiece.  A  small  melt-pool 
is  formed  on  the  surfaee  of  the  workpiece  where  the  molten  particles  land  to  form  a  layer  upon 
cooling,  about  0.5  mm  thick,  after  the  laser  beam  has  moved  on.  It  is  also  possible  to  lay  down 
very  narrow  tracks  in  this  way  (0.8  mm)  and  multiple  layers  can  be  deposited  on  top  of  each 
other,  allowing  the  formation  of  complex  parts  in  a  relatively  short  time  (Morgan  et  al.,  1997; 
Jeng  et  al,  2000).  Laser  Engineering  Net  Shaping  (LENS)  is  one  developing  rapid  metal  forming 
process  that  has  demonstrated  the  feasibility  of  laser  metal  forming  to  produce  near-net  shape 
metal  parts.  It  utilizes  STL  file  rendition  of  a  CAD  solid  model  to  build  an  object  one  layer  at  a 
time.  The  file  is  sliced  electronically  into  a  series  of  layers  that  are  subsequently  used  to  generate 
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the  motion  to  deposit  each  layer  of  the  material.  These  layers  are  then  deposited  in  a  subsequent 
fashion  to  build  the  entire  part  (Keicher  et  ah,  1998).  Direct  Metal  Deposition  (DMD)  is  being 
used  to  fabricate  molds  and  dies  and  for  part  repair.  Its  wide  application  in  aerospace  and 
medical  fields  is  due  to  its  large  savings  in  cost.  Mazumder  et  al.  (1999)  demonstrated  the 
application  of  laser  aided  DMD  to  generate  components  with  dimensional  accuracy  of  0.01  inch 
with  the  required  control  of  process  parameters  to  obtain  the  desired  microstrueture. 

Relevant  Parameters  and  Factors  Effecting  Laser  Claddin£ 

The  characteristics  of  a  built  up  part  using  the  above-mentioned  techniques  mainly 
depends  on  the  elad  properties.  Therefore,  the  parameters  governing  the  cladding  process  have  to 
be  studied  carefully.  These  parameters  play  an  important  role  in  determining  the  clad  profile, 
dilution  of  the  cladding  metal,  fusion  between  layers,  homogeneity  of  the  layers,  surface  finish, 
defects  such  as  porosity,  cracking  due  to  thermal  stresses,  plasma  formation,  etc.  Dilution  is  an 
important  factor  and  a  desired  range  should  be  set  to  determine  various  other  factors  and 
parameters  governing  the  laser  cladding  process.  It  determines  the  thickness  of  the  liquid  layer 
on  the  substrate  to  ensure  the  bonding  of  the  current  layer  with  the  previous  layer.  It  is  not 
possible  to  predict  the  influence  of  an  individual  parameter  on  the  cladding  process.  In  general, 
several  parameters  have  to  be  varied  simultaneously  to  obtain  the  desired  characteristics  of  the 
deposited  layer.  There  are  also  several  limitations  that  restrict  the  variations  of  process 
parameters.  Vetter  et  al.  (1994)  performed  experiments  to  determine  the  state  of  powder  when  it 
arrives  on  the  substrate  surface.  This  forms  an  important  limitation  as  the  particles  of  the  powder 
should  be  hot  enough  to  adhere  to  the  surface  and  form  a  layer,  but  not  too  hot  such  that  the 
particles  vaporize,  followed  by  ionization  and  plasma  formation.  Thus,  the  energy  available  per 
unit  length  of  clad  pass  per  unit  mass  of  powder  and  interaction  time  form  the  key  factors  in 
controlling  the  state  of  the  powder,  provided  the  other  parameters  such  as  powder  mass  flow  rate, 
CNC  table  traverse  speed,  etc.  are  kept  constant.  The  Heat  Affected  Zone  (HAZ)  induces  surface 
distortion  and  residual  stress  and  may  be  critical  when  producing  small  parts.  In  overlapping  of 
tracks,  the  HAZ  structure  of  prior  tracks  may  be  tempered  by  subsequent  passes.  The  width  and 
depth  of  the  HAZ  have  to  be  used  as  indices  for  determining  proeess  performance  in  some  cases. 
Once  the  conditions  are  set  to  control  the  above  factors,  the  process  parameters  can  be  varied  in  a 
defined  range  to  obtain  the  required  clad  height  and  thickness,  which  in  turn  are  determined  by 
bead  geometry  and  overlap  factor.  These  parameters  depend  on  the  powder  feed  rate,  power 
density  and  CNC  table  feed  rate.  Some  common  surface  defects  such  as  the  staircase  effect 
(occurs  due  to  part  slicing  of  part),  chordal  effect  (induced  when  a  STL  file  is  generated  from  the 
CAD  model),  support  structure  burrs  and  errors  due  to  starting  and  ending  of  deposition  are  to  be 
minimized  to  eliminate  dimensional  inaccuracies  and  improve  surface  finish.  Different  control 
techniques  have  to  be  applied  to  optimize  these  system  parameters  to  accomplish  the  required 
quality  and  precision  in  fabricating  a  part.  By  exercising  on-line  control  of  these  parameters, 
complex  metal  parts  may  be  built  by  adding  layers.  Care  should  be  taken  to  avoid  porosity, 
which  occurs  due  to  cavities  between  tracks  that  form  from  overlapped  tracks  or  the  evolution  of 
entrapped  gasses  in  the  clad  tracks.  This  can  be  avoided  by  proper  choice  of  overlap  factor, 
which  also  determines  the  surface  finish  of  the  part.  Figure  1  shows  the  process  parameters  and 
their  interaction  in  determining  the  quality  of  the  part. 
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Figure  1:  Laser  Metal  Deposition  Process  Parameters  and  Their  Interactions.  The  starred  (*)  parameters 

may  be  varied  on-line. 

State-of-the-Art  in  Laser  Claddin2  Control 


Rapid  Prototyping  via  lasers  requires  synchronization  of  three  basic  components  of  the 
laser  deposition  system,  Powder  Feeder  System,  Energy  Delivery  System,  and  CNC  workstation. 
To  enhance  the  part  quality,  close  monitoring  and  control  of  the  variables  of  these  systems  are 
required.  Feedback  controllers  have  to  be  designed  to  regulate  these  variables  mainly  to  control 
melt  pool  size,  temperature  distribution  in  the  melt  pool,  cooling  rate  (for  microstructure 
manipulation)  and  clad  height  and  width.  These  variables  may  vary  during  the  operation  due  to 
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fluctuations  in  system  parameters  such  as  powder  flow  rate,  beam  position  and  diameter,  output 
power,  and  CNC  feedrate,  and  pre-setting  these  operating  parameters  is  not  appropriate.  They 
have  to  be  monitored  and  optimized  continuously  to  obtain  the  desired  conditions.  This  forms  the 
initial  step  for  real-time  process  control. 

The  dimensional  accuracy  of  the  part  depends  on  the  uniformity  and  repeatability  of  the 
clad  height  and  width  being  deposited.  Mazumder  et  al.  (1999)  described  the  application  of 
multiple  sensors  for  closed-loop  feedback  control  of  the  bead  height.  The  height  controller  shuts 
off  the  laser  until  it  passes  the  excess  built  up  region,  thus  preventing  the  powder  from  melting. 
An  alternative  way  to  control  the  bead  dimensions  is  by  regulating  the  powder  flowrate,  provided 
the  traverse  speed  of  the  CNC  table  is  kept  constant.  Regulation  of  powder  flow  rate  controls  the 
dilution  for  a  given  powder  density.  Also  the  carrier  and  shielding  gas  flowrate  can  influence  the 
amount  of  powder  being  deposited.  By  increasing  the  carrier  and  shielding  gas  flowrate,  the 
excess  powder  can  be  blown  out  of  the  way  of  the  laser  beam  (Mazumder  et  al,  1999).  Most  of 
the  powder  feeder  systems  used  for  laser  cladding  were  open  loop  without  flow  rate  sensing.  The 
basic  disadvantage  of  these  were  their  inability  to  control  the  flowrate  which  continuously 
changes  due  to  variations  in  powder  volume  density,  with  time  and  level  of  powder  in  the  hopper 
although  the  control  settings  are  kept  eonstant.  A  small  deviation  in  mass  flowrate  results  in  large 
variations  in  the  geometry  and  microstrueture  of  the  produced  tracks.  To  account  for  these 
problems,  Li  and  Steen  (1993)  designed  a  closed-loop  control  system  employing  Proportional 
plus  Integral  plus  Derivative  (PID)  controller  with  a  feed-forward  strategy  for  on-line  feedback 
control  of  powder  flowrate.  Carvalho  et  al.  (1995)  designed  a  closed  loop  control  system  using  a 
(PID)  controller  for  independent  delivery  of  two  different  powders  for  variable  composition  laser 
cladding.  A  specially  designed  coaxial  nozzle  was  used  which  increased  the  powder  utilization 
efficiency  from  approximately  30-50%  to  values  higher  than  80%  (Hu  et  al,  1997;  Lin  and 
Steen,  1998). 

Temperature  is  another  critical  factor  that  requires  continuous  monitoring  and  control.  It 
determines  the  melt  pool  dimensions  and,  hence,  the  dilution.  If  the  temperature  is  too  low,  the 
resulting  melt  pool  catches  little  powder  and  if  the  temperature  is  too  high,  it  may  melt  baek  the 
workpiece.  Morgan  et  al.  (1997)  described  an  effective  means  of  controlling  the  temperature  by 
controlling  the  laser  power  via  positioning  the  laser  focus  relative  to  the  workpieee.  It  also 
required  a  constant  adjustment  as  the  height  of  the  structure  steadily  increases.  Experiments  were 
performed  to  demonstrate  the  effectiveness  of  closed-loop  over  open-loop  control  of  these 
parameters.  Li  et  al.  (1987)  developed  an  in-process  laser  control  loop,  which  is  based  on  an 
algorithm  involving  tune  currents.  The  system  used  a  mieroprocessor  based  in-process  beam 
control  unit  using  beam  sensing  via  a  Laser  Beam  Analyzer  (LB A).  Derouet  et  al.  (1997) 
estimated  the  melt  pool  depth  from  the  surface  width  and  maximum  temperature  of  the  melt 
pool.  This  melt  pool  depth  was  controlled  by  a  feedback  loop  using  a  PID  controller.  Laser 
power  and  scanning  velocity  were  used  as  the  parameters  to  control  the  depth  of  melt  pool.  Li  et 
al.  (1987)  developed  a  real-time  expert  system  and  a  laser  cladding  control  system  to  determine 
the  optimal  operating  conditions  for  a  given  requirement  and  for  online  fault  diagnosis  and 
correction.  Koomsap  et  al.  (2001)  presented  a  simulation-based  design  of  a  laser  based, 
free-forming  process  controller.  A  simplified  model  called  metamodel  was  introduced  to  express 
the  relationship  between  process  characteristics  and  three  process  parameters:  laser  power, 
traverse  speed,  and  powder  feedrate.  A  dynamic  metamodel  was  obtained  and  a  temperature 
feedback  controller  was  used  to  regulate  the  process.  A  Proportional  plus  Integral  (PI)  controller 
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was  used  to  regulate  the  system.  Bouhal  et  al.  (1999)  and  Han  and  Jafari  (1999)  proposed  a 
tracking  controller  for  positioning  and  deposition  accuracies  in  part  fabrication  for  fused 
deposition  processes.  Fang  and  Jafari  (1999)  designed  a  statistical  feedback  control  architecture 
integrating  Statistical  Process  Control  (SPC)  and  Automated  Process  Control  (APC)  to  adjust 
parameters  such  as  powder  flowrate  to  minimize  the  possible  defects  in  the  next  layer.  They 
focused  on  on-line  process  parameter  adjustment  using  a  layer-to-layer  controller.  Doumanidis 
and  Skoredli  (2000)  established  a  dynamic  distributed  parameter  model  with  in-process 
parameter  identification  to  generate  a  3D  surface  geometry.  Geometric  predictions  were  made  by 
a  real-time  model.  A  controller  was  designed  to  regulate  the  part  geometry  taking  advantage  of 
these  predictions.  Table  1  shows  some  of  the  process  control  techniques  discussed  in  various 
papers. 


References 

Laser 

Power 

(kW) 

Traverse 

Speed 

(mm/sec) 

Powder 
Flow  Rate 
(g/min) 

Process 

Characteristics 

Controlling 

Parameters 

Control  System 

Principle 

Morgan  et 
al.(1997) 

0.5 

8.34 

melt  pool 
temperature,  clad 
height 

laser  focus, 
melt  pool 
temp 

closed  loop 
temperature., 
laser  power 

comparison  of 
wavelength  of 
light  collected 

Hu  et  al. 
(1997) 

1. 3-2.4 

3-6 

4.8-15 

clad  zone, 
interface  zone, 
HAZ 

powder 

flowrate 

closed  loop 
powder  feeder 

fluidized  bed 
metering 
mechanism 

Meriaudeau 
etal.  (1997) 

2-3 

powder 

distribution,  clad 
geometry 

melt  pool 
temp. 

camera  used  as 
spectral 
thermometer 

Fang  et  al. 
(1999) 

overfills, 

underfills 

powder 
flowrate, 
traverse  speed 

layer-by-layer 
controller  for 
process  control 

SPC  to  monitor 
and  APC  to 
adjust  variables 

Koomsap  et 
ai.(2001) 

7-14 

5-50 

6-60 

dilution 

laser  power, 
traverse  speed, 
powder 
flowrate 

P.l.  controller  to 
regulate  process 
parameters 

dynamic 
metamodel  was 
designed 

Srivastava  et 
al.  (2000) 

0.3-0.4 

1-24 

1-11 

clad  dimensions, 
microstructure 

scanning  rate, 
laser  power 

closed  loop 
powder  feeder 

Mazumder 
etal.  (1999) 

0.7 

17 

5.6 

melt  pool  size, 
cooling  rate, 
microstructure 

laser  power, 
powder ,  gas 
flowrate 

closed  loop  for 
bead  height 
regulation 

Keicher 
etal.  (1998) 

0.18 

8.4 

surface  finish, 
clad  dimensions 

laser  power, 
particle  size 

statistically 
designed 
experiment  for 
process  control 

Derouet 
etal.  (1997) 

8-10 

5-20 

melt  pool  depth, 
microstructure, 
hardness 

scanning 
speed,  laser 
power 

P.I.D.  controller 
for  melt  depth 
control 

Koch 

etal.  (1993) 

0.4 

8-12 

11 

powder 
utilization 
efficiency,  clad 
dimensions 

melt  pool 
dimensions, 
laser  beam 
diameter 

Table  1:  Process  Control  Techniques  Applied  to  Regulate  Various  Parameters. 

Summary  and  Conclusions 

Research  conducted  by  various  authors  in  the  successful  implementation  of  Laser 
Cladding  for  RP  has  been  reviewed,  and  the  impact  of  the  critical  parameters  in  this  process  has 
been  discussed.  Control  techniques  applied  to  processes  such  as  dilution,  laser  power 
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distribution,  powder  flowrate,  melt  pool  depth,  etc.,  and  on-line  control  of  the  parameters 
governing  these  processes  were  discussed. 

The  study  of  various  works  indicates  that  systematic  implementation  of  process  control 
requires  a  complete  understanding  of  relation  between  various  parameters  and  its  effect  on 
individual  processes  and  the  system  as  a  whole.  Most  authors  have  put  in  efforts  in  designing 
closed  loop  control  systems  for  real-time  application  of  laser  cladding  for  RP.  In  doing  so,  many 
assumptions  such  as  the  CNC  feed  rate  and  powder  flowrate  were  assumed  constant  in 
determining  the  effect  of  laser  power  on  processes  such  as  dilution.  In  real-time  application  these 
may  not  be  constant,  as  the  powder  flowrate  keeps  changing  as  the  volume  density  of  powder 
keeps  varying  depending  on  the  level  of  powder  in  the  hopper.  Also  there  might  be  slight 
variations  in  the  CNC  feedrate,  due  to  accelerations  and  decelerations  while  depositing  at  the 
edges  of  the  prototype  being  built.  These  may  lead  to  overfills  and  underfills.  Hence  these 
deviations  need  to  be  taken  into  consideration  and  feedback  control  systems  have  to  be  designed 
to  account  for  these  deviations  and  for  process  automation  and  control  for  optimal  operating 
conditions.  Commercial  application  of  laser  cladding  for  RP  requires  cost  oriented  design  and 
operating  conditions  of  the  laser  deposition  system,  mainly  the  powder  feeder  systems,  which 
have  to  be  analyzed  to  increase  powder  utilization  efficiency  which  is  as  low  as  30-50%  in  many 
of  the  experimental  works. 
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Abstract 


During  the  melting  process  by  laser  irradiation,  it  is  essential  to  understand  the 
phase  change  processes  to  get  high  quality  Direct  SLS  parts  especially  when  high- 
order  scanning  paths  are  needed.  This  process  is  a  transient  three-dimensional  heat 
conduction  problem  with  a  moving  heat  source  and  a  moving  phase  boundary.  The 
process  can  be  simplified  to  a  one-dimensional  moving  boundary  model  using 
appropriate  assumptions.  To  implement  a  real-time  control  strategy,  approximate 
solutions  were  found  using  three  methods.  Experiments  using  a  CW  CO2  laser  were 
performed  on  low  carbon  steel  samples  to  verify  the  models’  results.  By  using  first 
order  differential  equations  derived  from  the  model  multi-input  multi- output  (MIMO) 
control  strategies  can  be  applied. 

Introduction 


Laser  fusion  based  SFF  processes  need  a  real  time  control  strategy  that 
incorporates  melt  depth  information.!  1]  Direct-SLS  processes  involve  accurate 
melting  of  powder  layers  and  fusion  bonding  of  that  layer  with  the  previously 
deposited  layer.  The  current  process  lacks  melt- depth  control  capability.  Also  when 
high- order  scanning  paths  are  needed,  the  power  or  speed  of  the  laser  beam  must  be 
adjusted  along  the  path  to  provide  sufficient  depth  of  melt.  Superheating  of  the  liquid 
zone  must  be  controlled  because  melting  of  the  entire  powder  layer  thickness  and 
fusion  bonding  to  the  previously  deposited  layer  is  required  To  understand  this 
process,  we  need  to  know  the  temperature  distribution  inside  the  material  and  the  melt 
depth  information.  To  solve  this  temperature  distribution  and  melt  depth,  one- 
dimensional  heat  conduction  with  appropriate  assumptions  have  been  used.[2-5]. 
Three  different  models  were  used  to  compare  results  with  experimental  data.  Each 
model  used  slightly  different  solution  methodology  and  assumptions. 

Physical  Models 

Transient  three-dimensional  heat  conduction  with  a  moving  heat  source  and  a 
moving  phase  boundary  as  shown  in  Fig.  1  is  described  by  the  following  general 
governing  equations  and  boundary  conditions.  V s  and  S(Xs,Ys,Zs,t)  are  the  heat  source 
velocity  and  phase  boundary  surface,  respectively. 
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Figure  1:  Schematic  of  a  transient  three-dimensional  heat  conduction  with  a 
moving  heat  source  and  moving  phase  boundary. 


General  Heat  Diffusion  Equation; 

-(pcr)+K-V(pcr)=v-(itV7)  (i) 

dt 

Equation  1  can  be  solved  separately  for  the  solid  and  liquid  regions  with  the 
following  boundary  and  interface  conditions. 

General  Boundary  Conditions: 

-k,^  =  ec{r  -r)  +  K{T-TJ+q,„  atz  =  0  (2) 

dz 

r  =  roatr  =  0  (3) 

T  =  Tf,  dX  X  -^±00  y  ^±00  z  — >  00  (4) 

Phase  Interface  Conditions: 


Here  T,  k,,  p,  e,  <y,  L,  /zo^are  temperature,  thermal  conductivity  of  /th  phase,  density, 
emissivity,  Stefan-Boltzmann  constant,  latent  heat  of  fusion,  and  convention 
coefficient,  respectively.  [9] 

Assumptions 

The  general  three-dimensional  problem  can  be  simplified  to  a  one -dimensional 
moving  boundary  problem  (e.g.  Stefan  problem)  by  using  the  following  assumptions: 
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Thermo-physical  properties  are  considered  independent  of  temperature  and 
constant  in  space  within  each  phase  region. 

Velocity  of  moving  beam  is  replaced  by  an  equivalent  interaction 


time,At  =  -^  where  Db  is  beam  diameter  and  Vs  is  scan  speed.  [13]  (See  Fig. 

2) 

1-D  approximation  is  enough  to  predict  the  maximum  depth  of  melt  when  the 
interaction  time  is  less  than  the  radial  thermal  diffusion  time 
AcxAt 

( FourierNumber  =  ^  <  1 ,  a  is  thermal  diffiisivity). 

Heat  losses  by  radiation,  convection  and  lateral  conduction  can  be  included  in 
an  overall  absorption  coefficient  for  the  surface. 


Figure  2;  Illustration  of  interaction  time. 


Generalized  1-D  Model 

Using  the  above  assumptions,  the  general  governing  equations  can  be 
simplified  to  the  equations  shown  below.  Figure  3a  shows  a  cross  section  of  the 
actual  phase  boimdary.  The  maximum  boundary  depth  is  approximately  uniform 
away  firom  the  edges  and  demonstrates  a  one  -dimensional  approximation  is 
reasonable  to  predict  maximum  melt  depth.  Figure  3b  shows  a  schematic  of  the  1-D 
model  with  model  parameters  included.  I,  A,  zm  and  5  are  laser  intensity,  absorption 
coefficient,  melt  depth,  and  thermal  boundary  layer  thickness,  respectively. 


Heat  Affected 
Zone  \ 


Melt  Zone 


Ph=IA 


Heat  diffusion  equations: 


d^T,  _  1  dT, 
dz^  a,  dt 

dz^  dt 
Boundary  conditions: 

riT 

-k,  — -  =  AI  at  z  =  0 
'  dx 

,  ,  dT.  ,  n  /  ^ 

dx  dx 

T,{z,t)^T^{z,t)  =  T^  atz 
?:,(-,/)  =  7?, 

Ts{z^h)  =  T, 


Liquid  Phase 

(6a) 

Solid  Phase 

(6b) 

Surface  Heat  Flux 

(7) 

Melt  Interface  Condition 

(8) 

^i(0 

(9a) 

(9b) 

(9c) 

1-D  Approximate  Integral  Model 

The  approximate  integral  model  was  derived  using  the  heat-balance  integral 
solution  method.  [2]  The  heat-balance  integral  is  the  integral  with  respect  to  the  space 
variable  of  the  heat  conduction  equations.  As  a  result  Eqs.  (6a)  and  (6b)  become  Eqs. 
(10a)  and  (10b)  shown  below.  There  are  two  moving  boundaries:  the  melt  depth  and 
the  thermal  boundary  layer  thickness  (see  Figure  3b). 


9z 

dz 


_  1  d 

0  a,  dt 

0 

_  1  d 

5  32 

(lOa) 

(10b) 


Solutions  were  obtained  by  first  assuming  the  temperature  profiles  were 
second  order  polynomial  functions  in  the  space  variable,  z  and  fit  the  given  boundary 
conditions.  Next,  the  profiles  were  substituted  into  Eqs.  (10a),  (10b),  and  (8).  The 
result  was  three  first  order  ODE’s.  The  temperature  profiles  are  given  in  Eqs.  (14) 
and  (15)  shown  below.  The  first  order  ODE’s  are  shown  below  as  Eqs.  (16)-  (18). 

Before  Melting:  0  <  /  < 

7;(z,/)  =  7;+^^[2-5]',0<2<5 

5 

4a 

s 


(11) 

(12) 

(13) 
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During  Melting:  t„<  t<  At 


k, 


Uz,  t)  =  T,+  [z-5]\z„<z<5 


lz-zJ+X[z-zj\  0<2<z„  (14) 

(15) 


Eq.  16  is  the  state  equation  for  the  melt  depth. 

AI  2k,Xz„  ^2k^{T„-T,) 
pL  pL  pL{z^-d) 


(16) 


Eq.  17  is  the  state  equation  for  the  thermal  boundary  layer  thickness. 


6a, 


2A1  ^  4k,Xz„  (^m  ~  ^0 ) 
{z„-5)  ' pL  pL  pL{z„-5) 


(17) 


Eq.  18  is  the  state  equation  for  the  coefficient  in  the  liquid  region  temperature 
profile. 


k, 


2k, Xz^  ^  2/:^  (T;  -  Tq  )  "l  3a, A 
pL  pL{z„-5)  J 


The  difference  between  this  solution  and  classic  solution  is  the  assumption  is 
not  made  that  the  moving  boundaries  are  only  functions  of  time.  Goodman  and  others 
use  the  assumptions,  z„  =  j3's/^  and5  =  y^/^  ,  to  reduce  the  solution  to  one 
independent  variable,  t.[2]  The  advantage  of  obtaining  first  order  ODE’s  is  MIMO 
control  schemes  can  be  readily  implemented.  Figure  4  shows  the  temperature 
distribution  as  a  function  of  depth  and  time  calculated  using  the  approximate  integral 
model.  The  dark  line  indicates  the  melting  interface. 


Irt?) 


Figure  4:  Simulation  of  1-D  melting  using  approximate  integral  model.  Power  = 
230  W,  Vs-  0.3  m/s,  To  =  300K. 


472 


Xie&Kar’s  Model 


Based  on  Sharma  and  et  al.’san  approximate  solution  for  one -dimensional 
phase -change  heat  conduction  with  time -dependent  surface  temperature  [3],  Xie  and 
Kar  [8]  solved  the  one-dimensional  phase-change  with  heat  flux  problem  given  by  Eq. 
(6)  by  assuming  a  temperature  distribution  that  satisfies  the  boundary  and  interface 
conditions  (7)-(9).  For  liquid  region,  they  assume  a  temperature  profile  which  satisfies 
boundary  conditions  (7)  and  (9a)  as  follows, 


For  0  <z  <z „,(/): 

7’, 0 =7;,, -^[2 -z, „(/)]+ 


AI 


2a,k, 


a, 


4(/)[z^-z„,^(/)]  (19) 


In  the  solid  region,  they  assume  a  temperature  profile  that  satisfies  boundary 
conditions  (9),  that  is: 


For  z>z,„(/): 


1-  exp 

4(0(z-z„,(/))  1 

[ 

(20) 


The  melt  depth  velocity  is  given  below  in  Eq.  21. 

2A1 


4(')  =  - 


p[c,(t.,-X)+l] 


1-1-  1-1- 


AAlzJt) 


^  a,p[q,(T„,-T„)+L] 


(21) 


The  time  for  the  surface  to  reach  the  melting  temperature,  U,  is  given  by  Eq.  22.  [7] 


4a^  (Aiy 


(22) 


The  time  required  to  reach  the  vaporization  temperature,  can  be  calculated  by 
using  Eq.(21).  The  melt  time,  and  the  vaporization  time,  t,  are  used  to  establish 
upper  and  lower  bounds  on  the  interaction  time.  At. 

Heat  d)lation  model  with  heat  input  as  function  of  absorption  coefficient  and 
melt  depth 

Based  on  the  approximation  solution  for  transient  heat  conduction  by  Zien  [4] 
and  Vujanovic  [6],  Beaman  applied  the  solution  to  a  vacuum  arc  remelting  model. [10] 
Here  by  assuming  heat  flux  is  a  function  of  melt  depth  the  model  can  be  applied  to  the 
laser  melting  process. 
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Figure  5:  Schematic  diagram  of  one-dimensional  heat  ablation  problem. 


The  resulting  equations  are  shown  below  as  Eqs.  (23)-  (26). 


where: 


(23) 

^  K 

+  (24) 

^  K 


Csp ' 


Csd  ‘ 


32A 

♦ 

3A  +11 
* 

iiA 

3A*+1 1 
* 

.  56A 


3A  +11 


1  pu, 

2  3 


_  224(A  +1) 

Css  * 

3A  +11 


; 


1  Pu 
-+^ 


A  = 


u-u 


(25a) 

(25b) 

(25c) 

(25d) 

(26) 


Experimental  Setup 

Experimental  specimens  were  processed  using  a  1.1  kW  CO2  laser  (beam 
diameter  =  .4  mm)  operated  in  CW  mode.  The  specimen  was  placed  in  vacuum 
chamber  that  was  evacuated  and  back  filled  with  argon  to  prevent  oxidation.  The 
power  range  used  was  460  W  to  1100  W.  Multiple  scan  speeds  were  used  at  each 
power  level  to  provide  a  range  of  interaction  times  to  be  compared  to  simulated 
results.  The  laser-scanning  program  utilizes  a  raster  scan  pattern  shown  in  Fig.  7.  In 
Fig.  7,  w,  L,  Vf,  and  F,  are  the  scan  track  width,  scan  track  length,  transverse  velocity, 
and  scan  velocity,  respectively.  The  scan  velocity,  Fs,  was  difficult  to  measure 
directly,  so  it  was  calculated  using  Eq.  27  shown  below.  Here  5/  is  scanning  density 
or  scan  lines  per  unit  length. 
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Figure  6:  Raster  scanning  pattern  of  the  1,1  kW  CO2  laser. 


The  material  used  in  the  experiments  was  low  carbon  steel  coated  with 
graphite  paint  to  increase  the  absorptivity  of  the  samples.  Two  examples  of  the 
results  are  shown  in  Fig.  7.  After  processing,  the  samples  were  cut,  grinded,  polished, 
etched  and  measured  using  an  optical  microscope.  The  sample  in  Fig.  7a  had  the 
largest  melt  depth  and  the  sample  in  Fig  7b  had  the  least. 


Figure  7;  a)  Scan  track  cross  section  of  low  carbon  steel  scanned  at  Power  ==  1100  W,  Vs  =  8 
m/min,  and  melt  depth  ~  400  pm.  b)  Scan  track  cross  section  of  low  carbon  steel  scanned  at 
Power  =  460  W,  Vs  =  21  m/min,  and  melt  depth  "  155  pm. 


Results  and  Discussion 

The  experiments  were  conducted  at  three  specific  power  levels:  1 100  W,  715 
W,  and  460  W.  The  measuremerts  taken  from  the  experimental  samples  were  plotted 
against  the  simulated  results  from  all  three  models.  Figures  8  through  10  show  the 
results.  The  experimental  points  are  indicated  by  points  with  error  bars  protruding. 
The  error  in  melt  depth  measurement  indicated  by  the  error  bars  was  estimated  to  be 
about  10  percent. 
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Laser  Power:  1100  W 
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Figure  8:  Melt  Depth  versus  Interaction  Time.  Power  =  1100  W 


Figure  9:  Melt  Depth  versus  Interaction  Time.  Power  =  715  W. 


Figure  10:  Melt  Depth  versus  Interaction  Time.  Power  =  460  W. 
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Both  the  Xie  and  Kar’s  model  and  the  approximate  integral  model  matched  the 
experimental  data  well.  The  heat  ablation  model  overestimates  the  melt  depth  as  the 
interaction  time  increases.  The  simulated  melt  depths  are  highly  sensitive  to  changes 
in  absorption  coefficient,  so  careful  calibration  must  be  performed  to  ensure  proper 
perfonuance.  More  accurate  absorption  coefficient  data  is  needed  for  that  process. 

All  three  models  can  by  used  for  control  purposes,  but  the  approximate 
integral  model  is  more  appropriate  for  MIMO  control  design.  Figure  12  shows  a  block 
diagram  of  a  MIMO  control  design  concept. 


Figure  12:  Block  diagram  of  MIMO  control  design 


Conclusions 


The  comparison  between  the  experimental  data  and  the  simulations  illustrates 
the  conclusion  that  the  1-D  Stefan  problem  provides  a  good  approximation  for  the 
melt  depth  when  the  laser  beam  velocity  is  fast  enough  to  make  the  interaction  time 
less  than  the  radial  thermal  diffusion  time.  The  1-D  approximation  solution  can  be 
fitted  to  the  experimental  data  by  adjusting  the  absorption  coefficients  of  the  solid  and 
liquid  regions.  The  models  are  highly  sensitive  to  the  absorptivities  and  more 
research  must  be  done  to  determine  how  heat  losses  and  material  properties  affect  the 
overall  absorption  coefficients.  Also  for  Direct  SLS  applications,  density  change 
during  melting  of  powder- bed  will  be  considered.[12].  Lastly,  the  approximate 
integral  solution  will  be  investigated  further.  The  solution  includes  first  order  ODE’s 
that  easily  can  be  adapted  to  MIMO  control  design.  The  design  and  implementation 
of  the  controller  will  be  the  future  work  and  final  goal  of  the  research. 
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Abstract 

In  product  development,  time  is  one  of  the  most  critical  factors.  By  introducing  Rapid 
Prototyping  methods,  development  time  can  be  reduced  dramatically.  But  the  required 
characteristics  of  the  generated  prototypes  become  more  and  more  complex.  As  a  result,  a 
great  variety  of  Rapid  Prototyping  devices  and  services  have  emerged  on  the  market.  The 
product  developer  may  be  highly  satisfied  with  the  wide  range  of  new  potentials,  tools  and 
methods  but  who  will  give  him  an  orientation  about  the  most  suitable  process  chain  to  fulfil 
his  demands?  To  solve  this  problem,  a  new  software  is  being  developed  at  the  Fraunhofer 
Institute  IPK  in  Berlin,  the  iViP-RPSelector. 

In  a  first  step,  the  software  tracks  a  record  of  the  demands  to  the  prototype.  These  values 
can  be  inserted  manually,  but  there  is  an  interface  as  well  connecting  the  RPSelector  to  CAD 
and  PDM  systems  to  obtain  the  design  parameters  without  user  interaction.  The  RPSelector 
then  calculates  a  complete  RP  based  process  chain,  which  may  comprise  a  layer  wise 
creation,  some  post  processing,  a  copying  process  and  several  finishing  processes. 


Design  Loops 

The  design  and  production  planning  of  technical  products  runs  through  several  phases  and 
each  phase  is  repeatingly  performed,  using  design  reviews  to  allow  a  loop  wise  improvement 
of  the  product’s  design  and  functionality.  Within  these  loops,  depending  on  the  maturity  of 
the  product,  different  technologies  may  be  used  to  produce  prototypes  rapidly.  Since  the 
manufacturing  of  prototypes  is  divided  into  several  steps,  e.g.  generative  production,  post 
processing,  surface  finish,  multiplication  by  means  of  casting  or  moulding  etc.,  these  process 
chains  have  to  be  configured  individually  following  the  requirements. 

Today,  the  configuration  of  process  chains  is  a  task  that  has  to  be  performed  thoroughly  in 
order  to  obtain  the  best  results  in  the  prototype  phase  of  a  product  development  project.  After 
having  defined  the  requirements  concerning  all  requested  prototype  characteristics,  the 
product  developer  needs  a  partner  to  execute  process  selection  and  process  planning 
interactively.  Normally  he  will  contact  a  ‘Rapid  Technologies’  service  bureau.  This  process 
can  be  considered  as  a  brokerage  between  two  or  more  partners.  But  when  doing  so,  the 
product  designer  is  not  able  to  assess  neither  the  selected  solution  nor  the  suitability  of  the 
promised  result. 


Software  Support  for  RP  manufacturing 

Both  processes,  selection  and  brokerage  of  RP  process  chains,  are  subject  to  many  error 
sources  in  daily  business.  Firstly,  the  designer  may  have  omitted  to  communicate  special 
parameters  such  as  corrosive  media  that  will  destroy  the  surface  of  the  planned  prototype,  or 
temperatures  occurring  during  the  tests.  Secondly,  the  process  planner  may  omit  the  influence 
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of  pre-processing  or  post  processing  steps.  Finally,  the  service  bureau  may  use  sub  optimal 
processes  and  material,  being  misinformed  about  the  state  of  the  art. 

As  a  result,  the  requirements  for  the  software  are 

•  Taking  into  account  the  newest  technological  developments 

•  Checking  the  interoperability  of  individual  process  steps 

•  Calculating  the  impact  of  individual  processes  on  the  manufactured  parts 

•  Make  the  user  competent  to  assess  technologies 

•  Offering  an  interface  to  the  brokerage  of  manufacturing  services 

•  Ability  to  introduce  new  processes  and  materials  into  the  system 

•  Ability  to  introduce  new  rules  for  the  computation  of  process  chains 

•  Offer  the  possibility  to  moderate  and  control  the  procurement  and  logistics 

The  module  has  to  be  designed  to  assist  both,  the  designer  and  the  production  service.  It 
will  enhance  a  much  faster  and  more  efficient  design  review  loop.  As  a  result,  the  quality  and 
circle  time  of  prototype  manufacturing  are  improved  significantly. 

The  software  tool  „iViP-RPSelector"  and  the  corresponding  “RPBroker”  have  been 
developed  to  meet  the  above  described  requirements.  The  development  started  by  collecting 
the  critical  factors.  This  was  done  by  analysing  several  existing  projects  in  the  industry. 
Existing  shortcomings  have  been  documented  and  converted  into  software  abilities  in  order  to 
eliminate  those  gaps. 

An  object-oriented  approach  was  chosen.  Hence  all  processes  and  materials  could  be 
described  as  objects  having  individual  properties.  As  a  first  step  a  list  of  parameters 
describing  the  objects  used,  was  exchanged  between  project  partners.  System  development 
was  then  divided  into  two  main  tasks: 

1 .  the  organization  of  the  database 

2.  the  evaluation  fiinctionality 

The  technological  evaluation  of  the  previously  defined  requirements  is  based  on  an  object 
model  that  describes  typical  process  qualities.  Input  and  output  objects  are  defined  for  each 
individual  manufacturing  step.  Input  objects  of  a  manufacturing  step  are  e.g.  the  CAD  data  of 
the  component  or  values  for  shrinkage  of  predecessor  processes.  Output  objects  are  output 
files  or  the  produced  components  (Fig.  1). 
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Chain  Elements  not  linkable 
Figure  1 :  Linking  individual  process  steps 


A  consistent  description  of  process  concatenation  alternatives  is  the  outcome.  Material 
cost  can  be  defined  easily  through  a  volume  calculation  of  the  workpiece.  Machine  working 
hours  can  be  calculated  approximately  by  computing  the  height  and  volume  of  the  workpiece. 
Calculation  deviations  will  originate  in  the  workpiece  position  and  amount  of  parts  built, 
especially  when  estimating  the  cost  of  generative  processes.  So  monetaiy  aspects  are  reduced 
to  ‘technological’  costs,  that  are  material  and  a  rough  estimation  of  machine  costs. 


Evaluation  of  Requirements 

In  real  life,  certain  fuzziness  underlies  the  selection  and  configuration  of  manufacturing 
means.  Imagine  you  request  a  set  of  four  steel  prototypes,  allowing  a  delivery  time  of  two 
weeks.  A  service  bureau  you  contact  is  able  to  produce  those  four  parts  within  three  weeks.  If 
you  lower  the  requested  surface  quality,  the  period  can  be  shortened  to  1 6  days.  But  if  you 
allow  4  weeks,  they  are  able  to  produce  500  parts.  A  human  being  performs  the  evaluation  on 
the  base  of  his/her  experience.  The  weight/importance  is  assigned  to  each  requirement  by 
communicating  with  the  customer. 


User's  Requirements 


SL:  restricted 
SLS:  ok 
FDM:  very  good 
3D  Printing:  very  goo4 
LOM:  no 


Process  Chain  A 
Process  Chain  B 


g  . . 


PSL: 

Remove  support! 
Grinding:  yes  I 
3DP: 

Grinding:  no 
Infiltration:  yes^ 


_ . ; 


Mn vestment  Cast:  ye| 
Spin  Casting:  no 
Die  Casting:  restricted 

Rubber  Molding: 
restricted 


IHS 

mm 

g  f  mVil 

Milling:  yes 
^Grinding:  yes 
Polishing;  no 
IColoration:  yes 


Figure  2:  Concatenation  of  Process  Elements 
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The  requirements  have  to  be  weighted  to  enable  the  system  to  distinguish  between  important 
and  less  important  requirements.  The  task  of  the  evaluation  algorithms  is  to  find  a 
manageable  number  of  approximately  ten  best  fitting  manufacturing  possibilities,  taking  into 
account  the  requirements  and  their  priority  (Fig.  2).  The  result  is  then  presented  to  the 
customer.  A  reasoning  module  has  been  implemented  which  makes  the  selection  transparent 
for  the  customer.  For  every  criterion,  the  fulfilment  degree  of  the  requested  characteristic  is 
represented  graphically.  In  the  case  of  unsatisfactory  selection  results,  the  customer  is  able  to 
identify  those  requirements  that  represent  a  weak  point  in  the  selection  task.Process  planning 
activities  can  be  carried  out  more  efficiently  and  more  precisely  based  on  the  described 
process  configuration.  The  limitations  of  each  single  process  in  the  selected  chain  are  listed 
and  the  system  gives  hints  to  support  the  machine  operator.  In  addition  to  the  pure 
technological  process  planning,  the  effects  of  the  predecessor  and  consecutive  technologies 
are  considered. 

if,  for  example,  a  milling  process  is  planned  as  a  following  process  to  the  generative 
production  of  a  component  in  order  to  meet  tolerances,  the  iViP-RPSelector  adds  a  reminder 
to  scale  the  relevant  measures.  As  a  result,  a  sufficient  material  removal  by  milling  is 
guaranteed  even  in  the  most  unfavourable  case. 

Available  Software  Architectures 

The  implementation  of  a  PURE  JAVA  interface  using  a  JDBC  (JAVA  Database- 
Connection)-bridge  operating  on  SQL  statements  allows  the  access  of  database  contents  and 
the  extraction  of  specified  values  regardless  what  type  of  database  is  used.  The  evaluation 
functionality  is  represented  schematically  in  the  following  figures.  Basically  four  consecutive 
process  elements  were  defined  (Fig.  3).  A  set  of  requirements  is  compared  with  the  capa¬ 
bilities  and  limitations  of  every  process  element.  The  result  is  a  pre-selection  of  adequate 
elements. 


Customer's 

Requirement 

Definition 


Requirement 
Definition  by 
CAD,  FEM, 


Requirement  Assignment 


IVor/fspace 

Accuracy 

Material 


Material  1 


Process  Element  1: 
Master  Form 


Accuracy 
Surface  Quality 


Process  Element  2: 
Post  Processing 


Workspace 

Workpiece  Number 
Material 


Material  2 


Process  Element  3: 
Multiplication 


Functional  Faces 
Color 


Process  Element  4: 
Finish  and  Function 


Figure  3:  Configuration  of  process  elements  due  to  customer  requirements 
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The  planning  software  is  designed  to  be  used  by  product  developers  as  well  as  service 
bureaus.  It  replaces  neither  the  experience  of  the  experts  nor  the  process  planning  procedures 
available  at  the  service  bureau’s  site.  The  software  forms  an  important  bridge  between  the 
design  and  procurement  activities  on  one  hand  and  the  subsequent  component  production  on 
the  other  hand.  The  selection  module  can  be  used  in  multiple  software  environments: 

1. 1  Stand  Alone  Application 

The  selection  module  can  easily  be  installed  on  a  PC.  The  database  is  then  stored  locally. 
As  a  result,  external  access  is  not  possible.  Updating  is  done  manually  by  inserting  new 
processes  or  materials  that  are  available  at  the  user’s  site.  Alternatively  a  complete 
installation  of  new  versions  of  the  software  is  necessary  when  the  state  of  the  art  has  changed. 

1.2  Web  Access 

The  selection  can  be  performed  by  the  installation  of  a  web  server  and  accessing  it  through 
the  World  Wide  Web.  Updates  can  be  realised  continuously  by  experts  without  end  user’s 
interaction.  Individual  changes  of  process  and  material  limitations  by  the  user  are  not 
available,  because  the  only  database  is  located  on  the  web  server. 


1.3  Virtual  Product  Development 

The  software  consists  of  multiple  modules  and  hence  can  be  integrated  into  a  distributed 
software  architecture  like  iViP.  In  this  case,  the  iViP-RPSelector  can  communicate  with  other 
applications  in  order  to  retrieve  relevant  data  such  as  workpiece  size,  material  or  prototype 
ftinctionality.  The  results  are  sent  to  the  module  iViP-RPBroker,  which  supports  the 
procurement  and  manufacturing  workflow,  following  the  selected  process  elements.  The 
architecture  of  this  complex  software  infrastructure  is  shown  in  Fig.  4. 


OuterSpace 


Figure  4:  Software  Architecture 
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Case  Study 

A  ground  connector  bracket  (Fig.  5)  of  an  aircraft  was  used  to  show  the  applicability  of  the 
software  modules. 


Figure  5:  ground  connector  bracket 

For  the  ground  connector  bracket,  the  basic  requirements  were: 

Material  characteristics:  aluminium  like 

Number  of  parts:  2 

Surface  Quality:  rough 

Accuracy:  0.1  per  1 00  mm 

In  this  case,  the  DTM  steel  ‘Laserform’  was  selected  because  of  its  aluminium  like 
characteristics.  The  only  problem  here  was  the  specific  weight  of  the  part.  This  shortage  of 
parameter  definition  was  detected  by  the  system  and  clearly  stated. 

The  alternative  presented  by  the  software  was  generative  manufacturing  of  solvable 
material  and  a  subsequent  employment  of  investment  casting.  This  process  chain  requires  a 
longer  period,  but  creates  optimal  output.  Additionally  the  user  received  information  about 
shrinkage  factors,  process  capabilities  and  restrictions.  The  selected  processes,  materials  and 
annotations  are  then  transmitted  to  the  RPBroker  software  module,  which  accompanied  the 
customer  when  procuring  the  corresponding  services.  The  software  gave  hints  regarding  the 
difficulties  when  breaking  out  the  parts.  Several  errors  and  misunderstandings  could  be 
eliminated  when  the  complete  set  of  data  was  transferred  to  the  RPBroker,  where 
procurement  of  RP  services  was  performed. 


Conclusion 

It  has  been  demonstrated  that  the  selection  of  a  single  process  may  be  an  easy-to-perform 
task,  but  when  a  real  world  environment  is  considered,  the  construction  of  process  chains  is 
necessary.  Assuming  that  each  process  element  can  be  represented  by  6  alternatives,  the  total 
amount  of  approximately  1300  process  chains  have  to  be  tested,  taking  into  account  the 
individual  linkage  specification  of  each  process  and  the  overall  efficiency  of  the  resulting 
process  chain. 

Even  if  an  expert  could  find  the  best  configuration  without  software  support,  he/she  will 
appreciate  the  capability  of  sorting  out  unemployable  processes  rapidly.  Additionally,  he/she 
will  obtain  preselection  hints  and  immediate  information  about  process  limitations. 
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ABSTRACT 

Electrochemical  machining  (ECM)  or  erosion,  is  a  process  for  shaping  materials  by  means  of  the 
anodic  dissolution  of  a  work-piece  using  suitably  shaped  cathodes?  However,  the  predictability 
of  the  process  is  poor  due  to  current  density  variations  over  the  electrode  contour  leading  to  poor 
dimensional  tolerances. 

This  paper  describes  how  the  process  can  be  entirely  simulated  by  computer.  A  model  of  the 
electric  field  during  erosion  is  constructed  based  on  the  Laplace  equations  for  the  field.  From  the 
distribution  of  the  electric  field,  it  is  possible  to  continuous  ly  calculate  the  current  density  at  each 
point  on  the  work- piece  for  the  whole  machining  process.  In  this  way,  it  is  possible  to  predict  the 
final  work-piece  contour  by  running  the  simulation  program  instead  of  the  real  process. 
Simulations  for  cylindrical,  conical  and  spherical  electrodes  were  carried  out  and  compared  to 
actual  eroded  parts. 

ADVANTAGES  AND  PRESENT  APPLICATIONS  OF  ECM 

Unconventional  machining  processes  are  increasingly  being  used  for  manufacturing  special 
steels,  ceramics,  plastic  materials  and  composites.  All  these  materials  generally  find  applications 
in  aerospace,  automotive,  electronics  and  electromechanical  industries.  In  the  last  20  years  many 
technological  developments  have  been  made  in  order  to  improve  the  potential  of  imconventional 
applications  and  also  the  knowledge  database  regarding  the  electrochemical  erosion  process 
[1,2,3,4,5,6,7,8].  Science  and  engineering  development  has  presented  many  challenges  for  the 
metal  processing  industry.  Today,  there  is  a  big  need  to  develop  better  processing  methods  and 
improve  on  current  methods.  These  methods  should  reduce  the  cost  of  fabrication  and  should 
solve  many  of  the  difficult  processing  problems  generated  by  the  uses  of  new  materials. 

What  were  once  unconventional  methods,  such  electro- discharge  machining,  and  laser 
processing,  are  nowadays  used  to  produce  high  complexity  parts  in  many  applications  from 
different  processing  industry.  Using  unconventional  methods  has  given  a  big  advantage  in 
reducing  the  total  number  of  operations  needed  for  complete  execution  of  a  part.  Also  this  has 
given  a  reduction  in  reject  parts  and  an  easy  implementation  of  computer  control. 

Although  the  majority  of  unconventional  methods  have  a  relatively  low  processing  speed,  certain 
factors  make  them  attractive : 

•  Removal  of  material  is  not  dependent  on  the  hardness  of  work-piece 

•  The  tool  can  be  less  hard  than  the  work  piece 

•  The  wearing  of  the  tool  is  negligible. 

•  There  is  no  mechanical  contact  between  tool  and  work  piece  and  parts  free  of  distortions 
and  internal  stresses  can  be  made. 

•  The  secondary  products  produced  during  processing  can  be  easily  removed 

•  Self-checking  and  feedback  loops  can  be  easily  implemented  in  the  processing  system 

•  Adaptive  control  strategies  can  be  applied. 
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The  main  advantages  of  electrochemical  erosion  processing  are: 

•  A  easy  way  to  manufacture  hard  materials 

•  This  method  will  not  produce  residual  internal  stress  in  the  work  piece 

•  The  possibility  of  producing  many  parts  without  distortion 

•  A  relatively  good  speed  of  processing  (~  Imm/min) 

•  A  good  surface  finish  can  be  achieved  (0.1  up  to  10  pm). 


DISADVANTAGES 

The  process  of  designing  tool-electrodes  in  order  to  obtain  the  correct  cun'ent  distribution  and 
thus  shape  is  empirical  and  a  scientific  level  has  yet  not  been  reached.  Currently,  the  rfesign  and 
testing  of  complex  shaped  tools  is  undertaken  by  “trial  and  error”,  a  very  expensive  and  time- 
consuming  process.  Handling  and  using  a  large  volume  of  electrolyte  together  with  the  increased 
probability  of  corrosion  are  more  problematic  for  the  electrochemical  erosion  process. 

OBJECTIVE  OF  THIS  PAPER 

This  paper  describes  the  development  and  verification  of  a  graphical-analytical  method  for 
simulating  the  electrochemical  erosion  process.  This  will  allow  accurate  predictions  of  work 
piece  shape  without  “trial  and  error”,  saving  time  and  cutting  costs  for  research.  The  big 
challenge  was  to  identify  the  mathematical  model  that  described  the  process  and  to  select  those 
parameters  with  greatest  effect  on  the  process.  Finally  it  was  necessary  to  solve  this 
mathematical  model  in  order  to  predict  the  shape  of  the  tool  electrode  and  thus  the  work  piece. 

An  analytical  solution  for  this  problem  is  complicated  by  a  large  number  of  parameters  that  are 
interacting  with  each  other  and  by  a  straight  interdependence  of  these  parameters.  The  tool  shape 
required  to  obtain  a  final  part  having  a  precisely  defined  profile  can  be  calculated  using  a  number 
of  mathematical  models.  These  existing  models  simplify  the  real  situation  and  can  lead  for 
inexact  results  especially  when  complicated  shapes  are  involved. 

A  computer  based  method  for  the  design  process,  based  on  the  finite  element  method  and  using 
simulation,  was  recently  proposed  for  electrochemical  erosion  process  [9].  The  work  presented 
here  builds  on  this  and  addresses  some  of  the  deficiencies  of  previous  simulations.  A  computer 
program  was  developed  which  presents  a  graphic  simulation  on  the  screen  (two-dimensional  or 
three-dimensional)  for  specific  operations  of  the  electrochemical  machining  process.  This 
program  was  developed  using  C  program  language  and  a  solid  modeller  named  Silver  Screen. 
The  system  was  divided  in  three  main  modules,  simulation  of  the  process,  design  tool  electrode 
and  verification  of  tool  designed.  The  simulation  shows  on  the  screen  the  graphical  effects  of 
tool  stepping  on  the  work  piece.  A  verification  module  determines  automatically  if  the 
processing  operation  will  produce  the  work  piece  with  the  desired  dimension  and  shape. 

MATHEMATICAL  MODEL  OF  ECM  USED  IN  THE  SIMULATION 

For  a  complete  determination,  the  mathematical  model  for  an  ideal  electrochemical  process  has 

to  be  written.  Thus  if  f^=  anode  shape  at  any  instant  during  processing  then  it  is  possible  to 
establish  the  evolution  of  the  shape  of  the  work  piece: 

fa  =F{x,y,t) 

With  some  simplification  assumptions,  the  evolution  of  the  processed  surface  is  given  by  [10] 
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where  U{x,y)  -  is  electrical  potential  in  working  area 

x,y  -  mobile  co-ordinate  system  with  respect  to  the  tool  electrode 

n 

•  e  -  electrochemical  equivalent 

-  dynamic  equation  for  ECM  tool,  in  a  fixed  co-ordinate  system  in  the  case  of 
tool  moving  with  constant  speed 

Ys=Vs-t 

Fq  -  initial  shape  of  the  anode  (work  piece),  all  other  elements  being  already  defined 

K  -  processing  constant. 

?  -  electrolyte  density 

Applying  a  discrete  approach  from  a  time  point  of  view  and  assuming  that  the  elementary  time 
interval  is  At ,  the  solution  for  the  equation  set  is  reduced  to  a  sequence  of  Laplace  equation 
solutions.  After  solving  this  set  of  equations  and  determining  components  for  the  gradient  vector 
of  the  anode  potential,  each  individual  point  on  the  anode  is  moved  accordingly  in  the  processing 
direction  and  in  this  way  the  evolution  of  the  surface  geometry  with  respect  to  time  is  obtained. 
Subsequently,  this  initial  anode  shape  will  be  modified  by  a  correction  based  on  work  parameter 
changes. 

This  procedure  is  repeated  in  order  to  obtain  the  final  shape  for  the  work  pieces  using  this  step 
by  step  approach.  At  the  completion  of  the  virtual  processing  time,  if  errors  exist  between  the 
desired  shape  for  work  piece  and  the  shape  obtained,  it  is  possible  to  incorporate  into  the  above 
algorithm  a  new  correction  routine  to  obtain  the  desired  tool  profile. 

This  routine  is  the  basis  of  the  computer  simulation  program  designed  for  the  electrochemical 
erosion  process  and  tool  design  program  for  the  cathode. 

THEORETICAL  CONCEPTS  OF  ECM  SIMULATION 

One -dimensional,  two-dimensional  and  three-dimensional  mathematical  models  that  were 
written  to  describe  ECM  processing  are  very  difficult  to  solve  analytically.  This  is  because 
within  the  solution  range,  the  interface  shape  between  electrolyte  and  work  piece  is  changing 
continuously  due  to  erosion.  The  electrochemical  process  is  different  from  other  machining 
methods  because  of  the  lack  of  a  selective  control  of  erosion  process.  In  addition,  this  processing 
takes  place  continuously  with  different  speeds  in  all  points  along  work  piece  surface.  Taking  in 
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to  consideration  these  difficulties  and  characteristics,  a  combination  of  a  numerical  solution  and 
a  graphical  method  was  adopted  to  obtain  the  final  shape  of  the  working  cathode. 


Figure  1.  Schematie  diagram  of  the  simulation  program. 

The  tool  simulation  program  designed  in  this  work  has  a  main  core  that  operates  using  an  ideal 
electroehemical  process.  The  data  obtained  with  this  base  procedure,  named  SimEemId  was  used 
as  input  data  for  eonnected  procedures  that  translate  the  process  from  an  ideal  situation  to  a  real 
one.  There  have  been  many  attempts  to  use  a  numerical  computer  methods  to  obtain  data  about 
ECM  processing,  for  different  work  conditions,  but  this  new  program  has  a  set  of  improvements 
that  allow  results  much  closer  to  the  real  process  to  be  obtained. 

The  first,  general  block  scheme  of  the  simulation  program  is  presented  in  figure  1.  From  this 
schematic  we  can  see  that  the  simulation  program  will  take  input  data  from  a  structural  database 
file  that  contain  all  the  characteristic  parameters  for  a  simulation  of  an  electrochemical  process. 
Running  this  program  is  carried  out  under  a  set  of  simplification  assumptions  that  are  presented 
below. 

Simplification  assumption 

All  the  assumptions  made  for  this  process  were  derived  after  theoretical  studies  on  the 
electrochemical  process.  These  assumptions  have  simplified  writing  and  solving  the 
mathematical  model  for  this  complex  process.  The  main  simplifieation  assumptions  were  for  the 
electrolyte  properties  and  for  the  flow  type  of  electrolyte. 

Referring  to  the  ideal  model  for  an  electrochemical  erosion  process  we  can  state  following 
assumptions: 

•  The  electrolyte  consist  of  a  two  phase  one-axial  flow, 

•  Hydrogen  accumulation  does  not  occur  in  the  electrolyte  during  processing, 

•  Hydrogen  released  in  the  process  obey  ideal  gases  law 
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•  The  electrolyte  is  assumed  to  be  an  incompressible  fluid 

•  The  effect  of  secondary  products  on  the  electrolyte  is  neglected 

•  Two  phase  flow  of  the  electrolyte  is  modelled  as  pseudo-Newtonian  fluid,  with  a 
turbulent  flow  in  working  gap  that  will  produce  a  complete  mixing  of  the  electrolyte. 

•  Increase  of  electrolyte  temperature  is  the  main  result  of  Joule  effect  heating.  This  heating 
is  generated  by  the  electrical  current  flowing  through  the  gap  filled  with  electrolyte 

•  Increasing  of  the  electrolyte  temperature  due  to  viscous  dissipation  of  energy  is  neglected 

•  No  heat  transfer  between  electrodes  and  electrolyte  was  taken  into  consideration 

•  The  heating  produced  by  the  voltage  drop  on  electrode  surfaces,  due  to  over-potential,  is 
considered  to  be  taken  by  electrolyte 

•  The  surface  of  the  tool-electrode  and  work-pieee  are  considered  equal-potential  surfaces 


DESCRIPTION  OF  THE  SIMULATION  PROGRAM 
General  principles 

The  core  of  the  simulation  program,  SimEcmId,  was  created  starting  from  two  main 
simplification  assumptions  for  the  electrochemical  erosion  process.  If  the  potential  and  ciurent 
distribution  within  the  gap  is  in  accordance  with  Laplace  equations,  these  two  assumptions  are: 

•  Ohm’s  law  applies  through  the  elementary  distances  in  electrolyte 

•  Flowing  current  within  a  pair  of  flux  lines  (current  line  distribution)  is  constant. 

The  first  assumption  eliminates  the  limitations  of  previous  simulation  programs  based  on 
“cosines”  theory,  and  the  second  one  asserts  continuity  of  current  flowing  based  on  which 
“Continuity”  theory  was  developed.  To  see  the  implementation  of  above  assumption  into  the 
simulation  procedure  of  an  ideal  process,  both  theories  are  presented  and  also  the  improvements 
of  these  theories  in  the  simulation  program  described  in  this  paper. 

For  a  geometrical  configuration  of  a  tool-electrode  boundary  chosen  from  the  database  input  file, 
two  elementary  columns  were  considered  within  the  anode  with  area  b  and  unitary  depth.  These 
two  columns  are  positioned  with  the  longitudinal  axis  parallel  to  tool  feed  direction,  as  is  shown 
in  figure  2.  For  the  boundary  of  the  tool-electrode  and 
the  work-piece,  the  following  condition  is  true: 

U  =  constant 

For  the  case  of  processing  in  equilibrium  conditions,  an 
ideal  electrochemical  process,  all  work-piece 
boundaries  will  move  down  with  the  same  speed.  Thus 
the  same  metal  volume  will  be  removed  from  both 
columns.  We  can  say  that  both  columns  must  have  the 
same  current  (I).  Nevertheless,  the  area  of  one  column  is 
b  and  the  area  of  the  other  column  is  b/cos?. 

Consequently,  the  current  density  will  be  J  and  J  cos  y  respectively.  Because  flux  current  lines 

are  perpendiculars  the  results  from  Ohm  law  is  that  also  tension  normal  gradient  should  obey  the 
same  rate  as  current  density.  The  boundary  condition  on  the  surface  of  work-piece  is: 
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The  simulation  pogram  SimEcmId  uses  these 
boundary  conditions  and  also  simplification 
assumptions  that  state  that  Ohm’s  law  is  applicable 
between  two  corresponding  points  from  work  and 
tool  surfaces.  Thus,  the  gap-measured  perpendicular 
on  work-piece  is  inversely  proportional  with  the 
cosine  of  angle  representing  bending  of  work  surface 
with  respect  to  the  feed  tool  direction  -  see  figure  3. 

The  Limitation  of  this  approach  refers  to  the  bending 
angle  of  the  work  surface,  which  cannot  be  greater 
than  60°  and  about  the  radius  of  curvature  of  the 
work  surface,  which  should  be  at  least  one  order  of 
magnitude  greater  than  the  size  of  inter-clectrode  gap. 

These  limitations  are  a  direct  consequence  of  the  Figure  3 

simplification  assumption  made  regarding  application  of  Ohm’s  law.  The  effect  of  this  wrong 
application  is  that  a  unitary  current  flow  between  the  tool  and  work-piece  through  a  straight 
conductor  of  electrolyte  with  a  constant  cross  section  had  to  be  considered. 

The  correct  principles  on  which  to  construct  the  potential  field  between  the  two  electrodes  are: 


^  Yc(i/cos7 


Equi- potential  lines  and  flux  lines  are  an  orthogonal  curve  set 
The  current  flowing  within  a  pair  of  flux 
lines  is  constant  anywhere  in  this  field 


In  order  to  implement  above  first  principle,  in  the 
simulation  program  design,  the  electrolyte 
conductor  wasn’t  considered  straight  but  of  having 
a  curvature  and  a  variable  cross-section.  This  new 
shape  of  electrolyte  conductor  is  described  by 
electric  field  equations  and  is  an  important 
improvement  included  in  the  electrochemical 
erosion  simulation  program  presented  here. 

This  new  approach  allows  the  elimination  of 
simplifications  and  incorrect  determinations 
presented  in  figure  3  where  the  current  lines  have  a 


Current  lines 


Current  lines 
Spline  curve 


Fieure  4 

conect  (90°)  angle  with  only  one  equal-potential  line.  This  line  is  the  boundary  of  the  work- 
piece  and  the  remaining  equal-potential  lines  (including  here  boundary  of  tool-electrode)  have 
angles  different  from  90°,  as  is  presented  in  figure  4. 

In  order  to  obtain  a  curved  shape  of  the  flux  areas  with 
variable  cross  section,  described  by  the  equation 

V^^  =  0,  a  spline  graphical  primitive  type  was  used. 

Then  this  spline  primitive  had  tangency  conditions 
added  at  both  ends:  the  work-piece  surface  and  the 
tool-electrode  surface.  Those  tangency  conditions  were 
applied  for  nonnal  lines  on  the  surface  of  the  tool  and 
work-piece  as  nodes  used  in  the  simulation  as 
presented  in  figure  6. 

In  this  way  it  was  possible  to  correct  a,P,Y  angles  from 
figure  4  to  90°  angles  and  keep  to  the  principle  which 
states  that  current  lines  and  equal-potential  lines  Fieure  5 
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should  be  orthogonal.  Also  with  this  improved  approach,  the  flux  section  became  variable  and 
we  can  assume  that  the  modelling  of  electric  field  between  the  two  electrodes  is  more  accurate 
and  match  closer  to  reality 


Determination  of  work-piece  profile 


The  principle  used  for  the  determination  of  the  shape  of  the  processed  piece  is  presented  in 
figure  7  where  for  each  calculation  step,  a  graphical  description  (for  a  particular  case  of  a 
spherical  tool  electrode)  is  also  given.  Input  dimensions  and  parameters  assumed  at  the 
begirming  of  the  simulation  are  available  for  the  entire  process.  The  contour  defined  by  the 
anode  surface,  cathode  surface  and  isolated  side  surface  represent  the  starting  point  for  the 
calculations.  For  this  geometrical  configuration,  the  intensity  of  electric  field  on  the  anode 
surface  is  calculated. 

Based  on  this  intensity  and  with  the  help  of  electrolyte  conductivity  at  each  point  considered  on 
anode  contour,  the  current  density  and  effectively  the  volume  of  material  removed  is  determined. 
In  the  next  step  the  mass  of  metal  removal,  in  a  direction  normal  to  the  anode  surface  and  at  each 
node  considered,  can  be  calculated  for  a  specific  time  interval.  The  next  anode  contour  will  be  in 


Figure  6 
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this  way  described  by  all  n  individual  points  obtained  after  the  metal  removal  calculation.  Once 
the  new  position  and  shape  of  anode  contour  is  available  then  mathematical  description  of  inter¬ 
electrode  area  for  next  simulation  step  is  possible. 

Calculation  of  each  point  erosion  -  logical  scheme 

Based  on  the  principles  presented  above,  the  logical  scheme  shown  in  figure  7  was  developed  for 
a  complete  solution  of  work-piece  contour  calculation.  Time  interval  At  is  given  as  a  fraction  of 
the  entire  processing  time  and  the  number  of  nodes  is  dependent  on  the  desired  accuracy  required 
for  the  work-piece  contour.  After  subdividing  the  inter-electrode  gap,  based  on  node  number  and 
drawing  of  current  lines  nonnal  to  the  tool  and  work-piece,  calculation  of  the  local  surface 
electric  field  intensity  is  earried  out.  Next,  the  local  current  density  J,  ,  is  determined  and  thus 

the  effective  anode  metal  removal  volume,  ,  together  with  the  magnitude  of  the  metal  removal 
at  each  node  7^  ,  in  a  normal  direction  to  the  work  piece.  With  all  points  detennined  by  the  metal 

removal  calculation,  a  new  anode  contour  is  mathematically  described.  The  last  stage  is  to  verify 
if  processing  depth  was  reached  or  if  the  processing  time  is  finished.  If  at  least  one  of  these 
verification  fails  the  new  geometric  configuration  tool-piece  is  determined  by  moving  the  tool 
towards  the  work-piece  at  the  appropriate  feed  speed. 

SIMULATION  RESULTS 

Three  elementary  tool  shapes  were  used  for  verification  of  the  simulation  procedure  described. 
These  shapes  are  cylindrical,  conical  and  spherical  and  the  parameters  set  for  each  simulation  are 
presented  below. 

Cylindrical  took  lectrode 

The  cylindrical  tool-electrode  used  had  following  dimensions: 

•  Radius  -  15  mm.  Length  -  30  mm.  Round  radius  -  2  mm 

The  gap  between  cylindrical  electrode  and  the  work  piece  was  set  to  0.64  mm.  For  this  value,  a 
feed  speed  of  tool  electrode  corresponded  to  1  mm/min.  Other  input  data  needed  for  the 
simulation  were: 

•  Node  number  -  20,  Total  processing  time-  30  min,  Time  increment  At  -  0.5  min 

The  result  of  the  simulation  is  presented  in  figure  8  for  a  processing  depth  equal  to  25  mm.  In 
figure  9  it  is  possible  to  observe  a  detail  of  the  work-piece  obtained  for  a  depth  feed  of  Z=15mm. 
In  this  detail  it  can  be  seen  how  the  side  gap  increases,  an  effect  observed  in  reality. 

Conical  tool-electrode 

The  conical  tool-electrode  used  in  simulation  has  following  dimensions: 

•  Top  radius  -  30  mm.  Cone  angle  -  25°,  Length  -  30  mm.  Round  radius  -  0.5  mm 

The  size  of  gap  between  the  conic  electrode  and  work-piece  had  a  value  of  0.42  mm.  For  this 
value,  a  corresponding  feed  speed  of  tool  electrode  equal  with  1.5  mm/min  is  used.  The  other 
input  data  needed  to  run  the  simulation  was  identical  with  those  from  the  simulation  of  the 
cylindrical  electrode. 
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The  evolution  of  the  simulation  is  presented  in  figure  10.  A  detail  of  the  work- piece  shape  at 
z=9mm  erosion  depth  is  given  in  figure  11.  In  this  detail  it  can  be  seen  that  a  side  gap  Sa 
approximately  equal  with  side  gap  Sb.  This  behaviour  was  confirmed  in  real  processing  and  thus 
validates  once  again  the  simulation  program  developed. 

Spherical  toofelectrode 

A  spherical  shape  is  considered  representative  for  processing  complex  surfaces  by 
electrochemical  erosion.  Also,  using  a  spherical  shape,  a  complete  verification  of  the  simulation 
program  was  possible,  because  this  shape  covers  regions  with  angles  greater  than  6QP  where 
“cosines”  law  cannot  be  used  for  the  gap  determination.  Before  displaying  the  graphical 
simulation  window,  the  following  input  data  is  requested: 

•  The  position  of  the  tool  electrode  centre  (the  default  value  is  <400,500>  and  user  can 
accept  or  change  it) 

•  Tool-electrode  radius  (default  value  <30>  mm) 

The  simulation  parameters  needed: 

•  Feed  speed  of  tool- electrode  -  0.5  mm/min.  Nodes  number  used  -  40  nodes,  Total 
processing  time  -  60  min.  Time  interval  At  -  0.5  min  (this  value  is  connected  with  tool 
feed  speed  in  such  a  way  so  that  a  total  depth  of  erosion  30  mm  is  achieved,  which  is 
equal  to  the  tool  radius) 

This  input  data  and  the  value  for  frontal  gap  size,  Yf  =  1.281  mm  is  displayed  in  a  graphical 
window  for  monitoring  purposes.  The  result  obtained  from  this  simulation,  using  a  spherical 
tool-electrode,  is  presented  in  figure  12.  The  final  stage  is  in  accordance  with  erosion  depth  at 
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the  end  of  process  and  the  shape  of  the  work- piece  at  that  time.  The  initial  work-piece  is 
assimilated  in  simulation  process  with  a  box  with  the  height  510  mm  bigger  than  maximum 
erosion  depth.  The  basic  electrochemical  data  used  for  this  simulation  are  stored  in  a  database 
connected  with  simulation  procedure.  Values  extracted  from  this  database  are: 

•  Effective  volume  of  removed  material  -  2.44  mm3/Amin,  Electrolyte  conductivity  (NaCl 
solution)-  0.0164  s/mm,  Polarisation  voltage  drop  -  2V,  Applied  voltage  -  18V 
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The  simulation  results  were  compared  with  real  part  profiles  for  each  shape  presented 
cylindrical,  conical  and  spherical.  The  error  measured  along  the  contour  of  the  profile  was  not 
bigger  than  0.15  mm  that  confirm  this  simulation  program  as  an  good  instrument  in  evaluating 
the  shape  of  work  piece  for  a  given  tool  electrode.  The  three  parts  measured  are  presented  in  next 
figure  13,  14,  and  15. 


Fie.  14  Fig.  15 


FURTHER  WORK 

As  can  be  seen  from  figure  13,  the  geometrical  shape  obtained  after  processing  with  a  spherical 
electrode  is  not  good  enough  from  a  geometrical  and  dimensional  point  of  view.  The  main 
phenomenon  observed  is  an  increasing  of  gap  size  between  the  two  electrodes  through  the  tool 
contour  and  normal  to  this  contour.  This  increase  resulted  in  a  different  work-piece  geometry 
from  that  desired  -  a  spherical  shape.  In  order  to  eliminate  this  phenomenon  and  thus  to  increase 
dimensional  and  geometrical  accmacy  in  electrochemical  process  it  was  possible  to  extend  the 
simulation  to  a  new  stage.  This  consisted  of  designing  tool  electrodes  for  ECM  machines  using 
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this  simulation  in  order  to  obtain  an  accurate  work-piece  profile  by  appropriately  shaping  the 
electrode.  The  outcome  of  this  part  of  the  work  has  been  presented  elsewhere  [11]. 
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Abstract 

This  paper  presents  some  concepts  and  initial  investigation  of  a  novel  construction 
automation  approach  using  the  Contour  Crafting  (CC)  layered  fabrication  process,  developed  at 
the  University  of  Southern  California.  CC  uses  computer  control  to  take  advantage  of  the 
superior  surface  forming  capability  of  trowels,  used  by  craftsmen  and  builders  since  ancient 
times,  to  create  large  intricate  structures  with  smooth  and  accurate  surfaces.  The  potential  of  CC 
became  evident  from  the  initial  investigations  and  experiments  with  various  materials  and 
geometries.  Using  this  process,  a  single  house  or  a  colony  of  houses,  each  with  possibly  a 
different  design,  may  be  automatically  constructed  in  a  single  setup. 

Introduction 


Presently,  the  construction  industry  is  facing  various  problems  including  high  project 
costs,  low  labor  efficiency,  high  at-site  accident  rates,  vanishing  skilled  workforce,  and  poor 
control  of  construction  projects  (Warszawski,  and  Navon,  1998).  Automation  has  resolved 
several  similar  problems  in  the  manufacturing  industry.  The  construction  industry,  however, 
largely  remains  manual  and  manpower  intensive.  The  few  attempts  made  towards  automating 
certain  aspects  of  construction  have  aimed  only  at  mechanizing  the  same  manual  approach  (e.g., 
use  of  a  brick-laying  robot)  without  introducing  any  new  paradigm  (Pegna,  1997).  Development 
of  new  automation  paradigms  for  whole  structure  construction  may  mitigate  many  of  the 
problems  that  the  industry  is  facing.  In  fact,  new  automation  paradigms  seem  imperative  for 
several  applications,  including  construction  of  emergency  homes  and  low  income  housing 
projects.  Furthermore,  the  development  of  construction  automation  technologies  is  necessary  if 
colonization  of  other  planets  is  to  become  a  reality  in  the  coming  century. 

Conventional  methods  of  manufacturing  automation  do  not  lend  themselves  to 
construction  of  large  structures  with  internal  features.  This  explains  why  the  evolution  of 
construction  automation  has  been  slow.  A  promising  new  automation  approach  is  layered 
fabrication,  generally  known  as  solid  free  form  fabrication  or  rapid  prototyping,  which  uses  an 
additive  method  and  is  capable  of  creating  complex  internal  features.  However,  most  of  the 
current  layered  fabrication  methods  are  limited  by  their  ability  to  deliver  a  wide  variety  of 
materials  applicable  to  construction.  Additionally,  they  are  severely  constrained  by  the  low  rates 
of  material  deposition  that  makes  them  attractive  only  to  the  fabrication  of  small  industrial  parts. 
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Contour  Crafting  (CC)  is  a  layered  fabrication  technology  that  uses  computer  control  to 
exploit  the  superior  surface-forming  capability  of  troweling  to  create  smooth  and  accurate  planar 
and  free-form  surfaces  (Khoshnevis  et  ah,  2001;  Khoshnevis,  1998).  Using  the  layering  approach 
afforded  by  troweling,  an  ancient  process,  a  wide  range  of  surface  shapes  may  be  created  with 
fewer  types  of  troweling  tools  than  are  needed  for  traditional  plaster  handwork  and  sculpting. 
Some  of  the  important  advantages  of  CC  compared  with  other  layered  fabrication  processes  are 
better  surface  quality,  higher  fabrication  speed,  and  a  wider  choice  of  materials. 


The  key  feature  of  CC  is  the  use  of  two  trowels, 
which  in  effect  act  as  two  solid  planar  surfaces,  to 
create  surfaces  on  the  object  being  fabricated  that  are 
exceptionally  smooth  and  accurate.  Artists  and 
craftsmen  have  effectively  used  simple  tools  such  as 
trowels,  blades,  sculpturing  knives,  and  putty  knives, 
shown  in  Figure  1,  with  one  or  two  planar  surfaces  for 
forming  materials  in  paste  form  since  ancient  times. 

Their  versatility  and  effectiveness  for  fabricating 
complex  free-form  as  well  as  planar  surfaces  is 
evidenced  by  ancient  ceramic  containers  and  sculptures 
with  intricate  or  complex  surface  geometries  as  well  as  Figure  1.  Simple  Historical  Construction 

detailed  plaster  work  that  have  shapes  as  complicated  as  ^ 

flowers,  on  the  walls  of  rooms. 
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In  CC,  computer  control  is  used  to  take 
advantage  of  the  superior  surface  forming 
capability  of  troweling  to  create  smooth  and 
accurate,  planar  and  free-form  surfaces 
(Landfoam  FAQ,  2000).  The  layering  approach 
enables  the  creation  of  various  surface  shapes 
using  fewer  different  troweling  tools  than  in 
traditional  plaster  handwork  and  sculpting.  It  is  a 
hybrid  method  that  combines  an  extrusion  process 
for  forming  the  object  surfaces  and  a  filling 
process  (pouring  or  injection)  to  build  the  object 
core.  As  shown  in  Figure  2,  the  extrusion  nozzle 
has  a  top  and  a  side  trowel.  As  the  material  is 
extruded,  the  traversal  of  the  trowels  creates 
smooth  outer  and  top  surfaces  on  the  layer.  The 

side  trowel  can  be  deflected  to  create  non-orthogonal  surfaces.  The  extrusion  process  builds  only 
the  outside  edges  (rims)  of  each  layer  of  the  objeet.  After  complete  extrusion  of  each  closed 
section  of  a  given  layer,  if  needed  filler  material  such  as  concrete  can  be  poured  to  fill  the  area 
defined  by  the  extruded  rims. 


Figure  2.  Contour  Crafting  Process 


Some  internal  walls  can  be  extruded  within  each  layer  to  create  square  hatches  or  other 
types  of  hatches  (see  Figure  3).  The  hatching  process  may  be  required  for  large  objects,  since 
setting  or  curing  can  start  before  the  filler  material  gets  a  chance  to  spread  over  the  entire  surface 
of  the  layer. 
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However,  when  hatching  is  used,  each  of 
the  small  hatches  is  filled  separately,  which 
because  of  their  small  size  allows  more  control 
over  the  spreading  and  curing  of  the  filler 
material.  Hatching  can  also  accelerate  the  forming 
process  because  it  provides  for  concurrent 
extrusion  and  filling  (i.e.,  as  the  extrusion  nozzle 
creates  new  hatches,  previously  made  hatches  can 
be  filled). 


Advantages  of  CC  for  automated  construction  ^  of  Internal  Walls 


Among  all  things  made  by  man  building  structures  are  those  that  are  fabricated  in  a 
layered  fashion.  This  is  a  clear  indication  that  layered  fabrication  could  be  the  ideal  approach  for 
automating  building  construction.  Although  several  methods  of  layered  fabrication  have  been 
developed  in  the  last  two  decades  (Pegna,  1997),  and  successful  applications  of  these  methods 
have  been  reported  in  a  large  variety  of  domains  (including  industrial  tooling,  medical,  toy 
making,  etc.),  only  Contour  Crafting  (CC) 
is  uniquely  applicable  to  construction  of 
large  structures  such  as  houses 
(Khoshnevis,  2000). 

The  immediate  impact  of  CC  will 
be  in  the  construction  of  emergency  and 
low  income  housing  structures  in  various 
regions  by  taking  advantage  of  the  variety 
of  locally  available  resources  including 
soil,  gravel,  lime  stone,  clay,  wood  chips, 
etc.  The  applicability  of  CC  can  possibly 
be  extended  to  construction  applications  in 
regular  residential  and  commercial 
structures  that  could  utilize  functional  and 
exotic  architectural  geometries,  which  are 
difficult  to  realize  using  the  current 
manual  construction  practice. 

Furthermore,  building  of  structures  on 
other  planets  using  local  materials  may  be 
achieved  using  the  proposed  technology. 

Such  application  in  building  construction  is  depicted  in  Figures  4  where  a  gantry  system  carrying 
the  CC  nozzle  moves  on  two  parallel  lanes  installed  at  the  construction  site.  A  single  house  or  a 
colony  of  houses,  each  with  possibly  a  different  design,  may  be  automatically  constructed  in  a 
single  run.  Following  are  some  interesting  aspects  of  this  automated  construction  process; 


Figure  4.Residential  Building  Construction 
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□  The  process  allows  architects  to  design 
stiuctures  with  functional  and  exotic 
architectural  geometries  that  are  difficult 
to  realize  using  the  current  manual 
construction  practice.  The  surfaces 
produced  will  be  paint-ready,  hence  an 
automated  painting  system  may  be 
integrated  into  the  CC  system. 

□  Since  deposition  in  CC  is  controlled  by 
computer,  accurate  amounts  of  selected 
construction  materials,  such  as  smart 
concrete,  may  be  deposited  precisely  in  the 
intended  locations.  This  way  the  electric 
resistance,  for  example,  of  a  carbon  filled 
concrete  may  be  accurately  set  as  dictated 
by  the  design.  Elements  such  as  strain 
sensors,  floor  and  wall  heaters  can  be  built 
into  the  structure  in  an  integrated  and  fully  automated  manner. 

□  As  shown  in  Figure  5  utility  conduits  may  be  built  into  the  walls  of  a  building  structure 
precisely  as  dictated  by  the  CAD  data. 

□  The  quality  of  surfaee  finish  in  CC  is  controlled  by  the  trowel  surface  and  is  independent  of 
the  size  of  the  nozzle  orifice.  Consequently,  various  additives  such  as  sand,  gravel, 
reinforcement  fiber,  and  other  applicable  materials  available  loeally  may  be  mixed  and 
extruded  through  the  CC  nozzle. 

□  Multiple  materials  that  chemically  react  may  be  fed  through  the  CC  nozzle  system  and  mixed 
in  the  nozzle  barrel  immediately  before  deposition.  The  quantity  of  each  material  may  be 
controlled  by  computer  and  correlated  to  various  regions  of  the  geometry  of  the  structure 
being  built.  This  will  make  possible  the  construction  of  structures  that  contain  varying 
amounts  of  different  compounds  in  different  regions. 

□  Methods  of  imbedding  of  steel  mesh  and  other  forms  of  reinforcement  into  each  layer  may  be 
devised.  Note  that  in  this  configuration  the  CC  nozzle,  the  inter-rim  filler  nozzle,  and 
reinforcement  placement  mechanisms  can  all  be  on  the  same  gantry  system.  The  proposed 
system  can  create  shapes  with  smooth  outer  surfaces  and  reinforced  internal  strueture 
automatically  and  in  one  setup. 

□  The  lower  construction  cost  and  time  that  CC  offers  will  make  frequent  reconstruction  of 
buildings  a  more  feasible  proposition.  This  is  of  special  interest  in  commercial  building 
sector.  This  possibility  is  especially  appealing  if  recyclable  materials  are  used. 

Experimental  investigations 

We  conducted  extensive  experiments  which  show  the  potential  of  CC  for  construction 
automation.  Many  of  the  advantages  mentioned  in  the  previous  section  have  been  validated 
through  these  investigations. 

Material  used  for  the  experiments 

Our  examination  of  the  properties  of  a  few  ceramic  materials  and  compounds  revealed 
that  a  type  of  clay  procured  from  America  Ware  Co.  in  Los  Angeles  did  not  swell  upon  exiting 


Figure  5.  Complex  Wall  Section 
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the  nozzle  orifice.  This  probably  was  due  to  its  readiness  to  shear  and  virtual  absence  of  an 
elastic  phase  (Bardet,  1997;  Craig,  1997).  We  qualified 
the  Bingham  characteristics  of  this  material  (Fox  and 
McDonald,  1985;  Levy  and  Carley,  1994).  Using  this 
material  we  have  been  able  to  create  the  several 
geometrical  features  on  our  CC  machine. 

Description  of  CC  machine 

The  machine  shown  in  Figure  6  is  modified  to 
fabricate  the  complex  geometrical  parts  for  the  CC 
process  of  uncured  ceramic  materials,  which  include  the 
convex,  concave,  and  sharp  comer  shapes.  The  machine 
consists  of  a  trowel  rotation  system,  and  a  vertical 
extrusion  head  capable  of  linear  motion  along  three 
coordinate  axes. 

The  trowel  rotation  mechanism  shown  in  Figure 
7  consists  of  a  bevel  gear,  and  a  connector.  The  ratio  of 
the  bevel  gear  is  4  to  1,  and  is  derived  by  the 
5*  stepper  motor.  The  connection  mechanism 
allows  the  raw  material  to  flow  continuously 
from  the  cylinder  to  nozzle,  and  can  rotate  the 
extrusion  system  without  disturbing  the 
material  flow  while  fabricating  complex 
curves. 


P 

Figure  6.  The  CC  machine  for 
fabricating  complex  geometries 
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Connector 
Bevel  gear 
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Side  trowel 


Figure  7.  Trowel  rotation  system  of 
the  CC  process 


The  extmsion  system  consists  of  a  top 
and  side  trowel,  a  cylinder  that  contains  the 
raw  material,  and  a  piston  and  a  threaded  feed 
rod  that  extmdes  the  raw  material  through  a 
nozzle.  The  process  utilizes  a  Programmable 
Multi-Axis  Controller  (PMAC),  a  high- 
performance  servo  motion  controller,  capable 
of  controlling  up  to  eight  axes  of  motion  (Delta  Tau  Data 
Systems,  1996  a,  b).  The  eight  axes  can  be  all 
synchronized  for  completely  coordinated  motion;  each 
axis  can  be  put  into  its  own  coordinate  system  for  eight 
completely  independent  operations;  any  intermediate 
arrangement  of  axes  into  coordinate  systems  is  also 
possible.  Limit  switches  are  used  to  restrict  motion  to 
specified  limits. 

In  order  to  enhance  the  capability  of  CC  for 
building  certain  primitive  geometries  and  hybrid 
geometries  made  of  these  primitives,  a  nozzle  with 
movable  side  trowel  is  designed  and  assembled  into  the 
existing  machine  as  depicted  in  Figure  8.  This  nozzle 

assembly  provides  for  intricate  trowel  motions  to  create  various  complex  geometries. 


Control  mechar 
of  movable  side 

trr\iirAl 


Figure  8.  Side  view  of  the  movable 
nozzle  assembly 
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Experimental  results 

Fabricating  complex  3D  shapes 

Adapting  the  movable  side  trowel  control 
mechanism  shown  in  Figure  9  (a),  our  existing  CC 
fabrication  machine  has  been  modified  for  fabricating  a 
variety  of  2.5D  and  3D  shapes  that  constitute  the 
primitive  construction  geometries  (e.g.  flat  floors,  straight 
walls,  pyramid,  domes,  etc.)  and  hybrid  geometries  made 
of  these  primitives.  The  primitives  have  been  carefully 
chosen  so  that  these  form  the  basic  shapes  for  the  scaled 
models  of  adobe  houses  (Khalili,  2000).  As  shown  in 
Figure  9  (b),  typical  primitives  that  we  have  considered 
thus  far  are  flat  floors,  straight  walls,  pyramid,  and 
domes.  Hybrid  geometries,  formed  as  a  direct 
combination  of  these  primitives,  will  represent  scaled 
models  of  adobe  houses  such  as  those  adopted  by 
CalEarth  in  Figure  14. 


Figure  9.  CC  process  with  the  movable  side 
trowel:  and  various  primitive  parts 


Roofs,  overhangs,  and  support  structures 

Through  extensive  experimental  investigations 
for  the  support  material.  Wax  and  sand  were  used  as  the 
support  materials  in  order  to  construct  overhang 
features  such  as  roofs  as  shown  in  Figure  10.  Note  that 
although  this  approach  is  feasible  for  small  parts  it  may 
not  be  so  for  housing  structures.  We  consider  using 
other  means  of  building  overhangs  that  are  more 
suitable  for  constructing  such  structures  (one  such 
approach  is  depicted  in  Figure  16  for  roofing  adobe 
houses). 


Depositions  with  hollow  cavities  r-  ,  ■  y  y  , 

Figure  10.  Fabrication  oj  roojs,  overhangs, 

In  order  to  investigate  co-extrusion  of  multiple  and  support  structures 

materials  using  a  combination  of  nozzles,  extensive  experimentation  and  a  series  of  design 
enhancements  have  been  conducted.  As  shown  in  Figure  1 1,  we  have  developed  the  capability  to 
build  layers  with  hollow  depositions 
using  CC.  Mandrel  of  various  shapes 
may  be  used  for  creating  hollows  of 
various  shapes. 

With  these  cavities  by  forcing 
the  material  through  a  nozzle  with  a 
central  mandrel,  various  materials 

may  be  co-extruded  if  the  mandrel  11.  Laying  hollow  sections  through  CC:  (a)  the  ceramic 

.  „  j  1  ,  material  in  the  nozzle  before  extrusion,  (b)  hollow  circle  formed  as 

,tsef  ,s  hollow  and  works  as  a  nozzle  emerge,  from  the  orifice,  md  (c)  eras,  .eetiort  of  the 

to  deliver  a  second  material.  This  fabricoled part  revealmg  the  hollow  secliom 


feature  will  provide  the  capability  to  lay  base  material  as  well  as  certain  reinforcements 
simultaneously.  These  hollow  cavities  also  result  in  lighter  structures. 

Furthermore,  for  constructing  walled  structures,  we  will  first  construct  rims  using  the 
nozzle  system,  and  will  fill  the  intervening  space  between  wall-rims  using  a  bulk-filling 
mechanism,  a  schematic  of  which 
is  shown  in  Figure  3. 

Reinforcements  and  impregnation 

Towards  improving  the 
strength  of  large  housing  structures 
built  through  CC,  we  have 

investigated  the  use  of  a  variety  of  Figure  12.  Reinforcement  process  of  CC:  (a)  metal  coil  placed  on  a 
reinforcements.  F  or  example,  top  layer,  (b)  a  fresh  layer  of  extrudate  covers  the  coil,  and  (c) 

Figure  12  shows  pictures  from  our  cross  sections  of  the  fabricated  part  with  the  reinforcement  coil 

experiments  with  coil  showing  a  reasonable  adhesion  between  layers 

reinforcement.  Owing  to  the  high 

extrusion  pressures  prevailing  in  CC  compared  to  other  layered  free-form  fabrication  techniques 
(Zak  et  al,  1999),  the  extrudate  thoroughly  adheres  itself  around  the  coils  without  causing  any 
internal  discontinuities.  Similar  results  have  been  observed  from  our  experiments  with  sand 
impregnation. 

As  shown  in  Figure  13,  two  simple 
modular  components  may  be  delivered  by  an 
automated  feeding  system  that  deposits  and 
assembles  them  between  the  two  rims  of  each 
layer  built  by  CC.  Concrete  may  then  be  poured 
between  the  rims  of  each  layer  to  contain  the 
steel  mesh.  The  mesh  can  follow  the  geometry 
of  the  structure.  Note  that  in  this  configuration 
the  CC  nozzle,  the  steel  feeder,  and  the  concrete 
filler  feeder  are  all  on  the  same  gantry  system. 

Thus  the  use  of  reinforcements  seems  promising 
in  our  CC  process. 

Summary  and  future  work 

Preliminary  investigation  of  CC  process  indicates  that  the  process  is  feasible  and  has 
significant  potential  in  construction  automation.  The  potential  of  CC  became  evident  from  the 
presented  experimental  investigations.  Experiments  with  ceramics  material  show  the  versatility 
of  the  process  relative  to  the  use  of  a  variety  of  fabrication  materials.  The  process  seems 
especially  suited  for  automated  construction  of  emergency  structures  as  well  as  large  scale 
construction  of  houses  with  exotic  features  such  as  adobe  houses. 

In  order  to  facilitate  accurate  deposition  of  material  and  efficient  fabrication  of  the 
proposed  housing  structures,  we  are  currently  developing  a  computer  control  software  by 
modifying  our  current  control  software  for  fabricating  both  primitive  as  well  as  hybrid 
geometries.  The  new  software  will  allow  for  experimenting  with  various  types  of  trowel  motions 


Figure  13.  Steel  reinforcement  modules  and  mesh 
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and  material  flow  patterns.  In  devising  our  eonstruction  control  software  we  will  benefit  from  the 
ancient  body  of  knowledge  that  is  currently  being  harnessed  by  CalEarth  for  building  supportless 
closed  structures.  An  example  of  a  clever  and  ancient  manual  method  of  constructing  such 
supportless  structures  is  shown  in  Figure  14.  Here  the  vault  is  constructed  by  first  laying  side 
squinches,  and  the  dome  structure  is  built  layer-by-layer.  Figure  15  shows  a  vault  structure  made 
of  clay  bricks  using  this  traditional  manual  procedure.  Our  corresponding  deposition  pattern, 
inspired  by  these  ancient  methods,  could  be  such  as  the  one  schematically  illustrated  in  Figure 
16. 


Figure  14.  Manual 
construction  of  adobe  form 
structures  using  clay  bricks 
(Source:  Khalili,  2000) 


Figure  15.  A  vault  structure 
made  of  clay  bricks  (Source: 
Khalili,  2000) 


Figure  16.  Our  approach  to 
fabricate  supportless 
structures 
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Abstract 

A  pilot  study  was  undertaken  to  evaluate  the  clinical  acceptance  of  prosthetic  limh  sockets 
manufactured  using  solid  freeform  fabrication  (SFF).  The  fabrication  of  sockets  for  amputees  is  a 
natural  application  for  SFF.  The  socket  is  the  part  of  the  prosthetic  limb  that  fits  onto  the 
amputee’s  residual  limb.  Each  socket  is  custom  manufactured  for  each  individual  amputee.  Four 
amputees  were  successfully  fit  with  sockets  created  using  selective  laser  sintering.  The  scope  of 
the  study  included  software  development,  finite  element  analysis,  materials  testing,  and  clinical 
evaluation.  This  paper  discusses  socket  design  issues  and  clinical  testing  results. 

Purpose 

The  purpose  of  this  pilot  study  is  to  demonstrate  the  feasibility  of  Solid  Freeform 
Fabrication  (SFF)  using  Selective  Laser  Sintering  (SLS)  to  fabricate  variable  compliant  wall 
prosthetic  sockets  for  trans-tibial  amputees.  The  study  includes  an  engineering  design 
component  and  a  clinical  case  controlled  comparison  of  variable  compliant  wall  prosthetic 
sockets  with  conventionally  fabricated  prosthetic  sockets. 

The  overall  long-term  objective  of  this  project  is  to 
develop  a  system  to  fabricate  variable  wall  compliant 
prosthetic  sockets  directly  from  digital  residual  limb 
shape  information  using  freeform  fabrication  techniques. 

These  sockets  are  expected  to  improve  prosthetic  socket 
comfort,  improve  tissue-loading  characteristics,  reduce 
skin  discomfort  and  breakdown,  and  reduce  fabrication 
time  and  cost  compared  to  conventional  socket 
fabrication  techniques. 

Introduction 

There  are  approximately  400,000  lower  limb 
amputees  in  the  United  States  with  60,000  new  major 
lower  extremity  amputations  performed  yearly.  The 
majority  of  these  amputees  are  fit  with  a  prosthetic  limb 
as  part  of  their  rehabilitation  and  return  to  independence. 

Because  of  changes  in  the  shape  and  volume  of  the 
residual  limb  following  amputation,  the  typical  amputee 
will  require  a  new  prosthesis  every  two  or  three  years. 

A  prosthetic  limb  for  a  transtibial  amputee  consists  of  several  components  (Fig.  1).  First 
there  is  a  socket  that  fits  over  the  residual  limb  that  is  custom  fit  for  each  amputee.  A  fitting  is 
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Fig.  1  Prosthetic  limb 
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attached  to  the  lower  end  of  the  socket  to  attach  a  pylon.  The  pylon  connects  to  a  prosthetic  foot 
and  is  sized  to  the  proper  length  for  the  prosthetic  limb. 

The  most  important  aspect  of  a  lower  extremity  prosthesis  is  socket  design.  The  socket  is 
the  interface  between  the  human  and  the  mechanical  support  system.  Ultimately,  the  design  and 
fit  of  the  socket  is  what  determines  patient  acceptance,  comfort,  suspension,  and  energy 
expenditure'.  All  of  these  factors  in  unison  determine  the  real  utility  of  the  final  product. 

The  traditional  method  for  designing  sockets  requires  a  skilled  prosthetist  and  time 
consuming  manual  steps^’  First,  the  patient's  residual  limb  is  wrapped  with  plaster  to  aequire 
the  shape.  The  plaster  wrap  is  used  to  create  a  plaster  positive.  The  prosthetist  empirically 
modifies  the  plaster  positive  of  the  residual  limb  to  distribute  weight  bearing  to  tissues  that  can 
tolerate  the  required  forces.  The  socket  is  molded  over  the  biomechanically  corrected  pattern.  It 
is  usually  necessary  to  destroy  the  pattern  in  order  to  remove  it  from  the  socket.  Making  a  new 
socket  involves  repeating  all  the  steps  if  the  pattern  is  destroyed. 

CAD  and  Computer  Assisted  Manufacture  (CAM)  techniques  are  beginning  to  be  widely 
used  to  design  and  manufacture  sockets.  A  mechanical  digitizer,  magnetic  digitizer,  or  a  non- 
eontact  laser  scanner''  inputs  the  residual  limb  shape  into  the  computer.  The  prosthetist  then  uses 
specialized  software  to  produce  a  biomechanically  correct  socket  from  the  limb  shape.  A 
computer  controlled  milling  machine  carves  the  pattern  for  the  socket  from  plaster  or  foam.  The 
soeket  is  then  made  using  conventional  methods  such  as  vacuum  molding  or  lamination. 

A  limitation  of  currently  available  prosthetic  CAD  systems  is  that  they  only  design  the  shape 
of  the  inner  wall  of  the  socket,  which  is  all  that  is  necessary  for  conventional  fabrication.  These 
CAD  systems  do  not  aetually  design  the  three  dimensional  shape  of  the  socket.  The  actual  wall 
thickness  of  the  socket  and  the  means  of  attaching  the  remainder  of  the  prosthetic  limb  are 
determined  during  manufacturing.  This  is  still  largely  an  artisan  process. 

SFF  techniques  are  a  good  match  for  use  in  prostheties.  Several  artisan  steps  can  be 
eliminated.  These  include  trimming  the  final  molded  socket  and  the  addition  of  a  pylon 
attachment  fitting.  Additional  features  can  be  included  such  as  variable  compliance  socket  walls 
and  integrated  fittings.  Due  to  the  nature  of  the  manufacturing  process,  an  increase  in  socket 
sophistication  does  not  lead  to  increased  cost.  The  SFF  industry  is  largely  service  bureau  based 
which  is  the  mode  in  which  many  prosthetic  facilities  operate. 

Previous  Work 

Over  the  last  ten  years  there  have  been  several  attempts  to  use  SFF  in  the  manufacture  of 
prosthetic  sockets  for  amputees. 

Northwestern  University  working  with  Baxter  Healthcare  made  a  single  transtibial  soeket 
using  Stereolithography  (SLA)  in  1990^ 

In  1991,  The  University  of  Texas  at  Austin  (UTA)  and  The  University  of  Texas  Health 
Science  Center  at  San  Antonio  (UTHSCSA)  collaborated  to  make  scaled  down  transtibial 
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sockets^’  A  fill!  sized  socket  that  incorporated  a  fitting  for  attaching  the  pylon  followed  this  in 
1992.  An  amputee  in  a  supervised  setting  wore  this  socket  briefly. 

In  1992  Rovick  from  Northwestern  developed  a  rapid  prototyping  technology  called  Squirt 
Shape  to  address  the  need  for  rapidly  fabricating  prosthetic  sockets^.  The  process  is  a  form  of 
Fused  Deposition  Modeling  where  a  bead  of  molten  plastic  is  extruded  in  a  continuous  spiral  to 
form  a  single  wall  socket. 

In  1998  Freeman  and  Wontorcik  fabricated  check  sockets  suitable  for  ambulation  though 
they  lacked  the  durability  needed  for  extended  use^.  The  cost  of  the  sockets  was  deemed  to  high 
for  use  as  check  sockets. 

Also  in  1998,  Lee  et  al  reported  on  fabricating  two  prosthetic  sockets  for  amputees  using 
FDM’'’.  Gait  analysis  was  performed  comparing  conventional  and  FDM  sockets.  Minimal 
variations  in  gait  between  the  two  types  of  sockets  were  shown. 

In  1999  UTA  and  UTHSCSA  collaborated  on  a  sophisticated  double  wall  socket  fabricated 
using  SLS”’  This  work  led  to  the  current  clinical  pilot  study. 

It  is  important  to  note  that  none  of  the  above  work  with  the  exception  of  the 
UTHSCSA/UTA  collaboration  used  SFF  for  anything  except  replacing  the  first  manual  step  in 
socket  fabrication.  The  remainder  of  the  prosthetic  limb  had  to  be  attached  by  artisan  means  and 
no  advanced  featiores  such  as  variably  compliant  walls  were  incorporated. 

Methods 

The  previous  work  involving  the  double  wall  socket  was  extremely  complicated  and  was 
burdened  by  the  extra  weight  of  the  double  wall  configuration.  It  was  decided  to  use  a  simpler 
approach  for  this  pilot  study  using  a  single  wall  configuration  with  variable  wall  thickness.  The 
approach  was  to  vary  the  wall  thickness  to  provide  thinner  more  flexible  socket  walls  over 
sensitive  areas  of  the  residual  limb. 

The  clinical  feasibility  of  using  SLS  for  socket  fabrication  was  evaluated  by  comparing 
conventional  and  SLS  sockets  for  comfort,  stump-socket  interface  pressures  and  gait  function  in 
four  transtibial  amputees.  Three  were  vascular  amputees  and  one  was  a  traumatic  amputee.  Their 
ages  ranged  from  31-62  and  all  would  be  considered  community  ambulators.  Informed  consent 
was  obtained  following  local  institutional  review  board  protocols. 

A  conventional  patella  tendon  bearing  socket  was  designed  for  each  subject  using  standard 
CAD/CAM  fabrication  techniques.  The  residual  limb  of  the  amputee  was  cast  at  the  UTHSCSA 
using  a  ShapeMate'^  casting  sock.  This  sock  hardens  in  minutes  after  being  put  in  water.  A  laser 
imager  was  then  used  to  measure  the  outside  shape  of  the  ShapeMate  sock.  The  sock  has  a 
uniform  thickness  so  that  by  measuring  the  outside  of  the  sock  then  subtracting  the  sock 
thickness,  the  correct  residual  limb  shape  can  be  calculated.  The  socket  was  designed  using 
ShapeMaker’^  prosthetic  CAD  software.  A  socket  pattern  was  then  milled  from  urethane  foam. 
The  conventional  socket  was  fabricated  using  carbon  fiber  lamination.  A  pylon  and  prosthetic 
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foot  were  added  to  complete  the  prosthesis.  Final  alignment  of  the  prosthesis  was  performed 
using  visual  gait  analysis  and  patient  feedback. 

Each  subject  was  given  at  least  two  weeks  to  acclimate  to  the  conventional  socket  before 
undergoing  gait  analysis.  Reflective  markers  were  placed  on  the  sacrum,  bilateral  ASIS,  knee, 
ankle,  and  2"‘’  metatarsal  phalangeal  heads.  Ground  reaction  forces  were  obtained  using  AMTl''* 
force  plates  embedded  into  the  gait  lab  floor.  Combined  joint  kinematic  and  kinetic  data  was 
collected  at  a  sampling  rate  of  60  fps  for  three  representative  strides  as  the  subject  walked  at  his 
self-selected  speed.  Using  VICON  Clinical  Manager  software'^,  basic  temporal  and  spatial 
features  of  the  gait  patterns  and  lower  extremity  joint  angles  were  determined.  Using  inverse 
dynamics,  net  joint  moment  (torque)  was  calculated.  For  the  prosthetic  limb  hip  and  knee  joints 
this  represented  the  net  muscular  generated  joint  moment  that  is  developed  in  response  to 
external  forces  and  loads.  For  the  prosthetic  ankle,  the  joint  moment  is  the  resultant  internal 
moment  developed  at  the  foot/pylon  junction  that  mirrors  the  location  of  the  intact  limb  ankle 
joint. 

At  the  time  of  the  gait  analysis  each  subject  filled  a  questionnaire  regarding  limb  use, 
wearing  schedule  and  rated  socket  comfort  using  a  visual  analog  scale. 

The  urethane  foam  pattern  used  to  fabricate  the  definitive  socket  was  measured  using  the 
laser  imager  and  served  as  the  template  for  SLS  socket  fabrication.  This  was  to  insure  that  the 
comparison  was  between  sockets  of  identical  shape.  Trim  lines,  load  bearing  areas,  and  pressure 
sensitive  areas  were  marked  in  black  on  the  pattern.  The  laser  imager  captured  these  marks.  The 
data  including  the  marked  locations  were  saved  in  an  AAOP  data  interchange  file.  This  is  a  non¬ 
proprietary  file  format  that  is  supported  by  prosthetic  CAD/CAM  vendors. 

In  previous  efforts  at  UTHSCSA/UTA^’  the 
process  of  taking  an  AAOP  data  interchange  file  and 
creating  a  complete  3D  socket  with  an  attachment  fitting 
was  extremely  labor  intensive,  time  consuming  and 
involved  several  different  software  packages.  In  order  to 
produce  sockets  in  a  timely  manner  it  was  necessary  to 
write  custom  software  to  create  the  final  STL  file  from 
the  AAOP  file.  This  software  was  written  in  C++  using 
the  OpenGL  graphics  API  for  the  Microsoft  Windows 
platform.  The  software  performs  four  main  functions. 

First  it  gives  thickness  to  the  socket  by  creating  an  outer 
shell  from  the  inner  socket  shape.  The  nominal  socket 
wall  thickness  was  set  to  6  mm.  The  socket  trimline  is  set 
interactively  using  the  mouse  cursor  to  select  points  on 
the  socket  shape  (Fig.  2).  Areas  of  variable  wall  thickness 
are  interactively  drawn  on  the  socket  shape.  These  areas 
are  defined  relative  to  pressure  sensitive  areas  marked  on  the  socket  pattern.  The  minimum 
thickness  of  regions  over  sensitive  areas  was  set  to  1 .3  mm.  Finally  a  fitting  for  a  pylon  adapter 
is  added  to  the  bottom  of  the  socket.  The  fitting  has  a  key  that  matches  a  keyway  in  the  pylon 
adapter.  The  completed  design  is  saved  in  an  STL  file  (Fig  3). 
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Each  STL  files  was  emailed  to  Accelerated 
Technologies  Inc.’^,  a  service  bureau,  for  fabrication.  The 
parts  were  built  using  Duraform  on  a  Sinterstation 
2500'’.  The  sockets  were  coated  with  cyanoacrylate  for  a 
better  surface  finish  after  sanding.  The  finished  sockets 
were  sent  back  to  UTHSCSA  for  final  assembly. 

Epoxy  was  used  to  glue  the  nylon  pylon  adapter  into 
the  keyed  fitting  on  the  socket  even  though  there  was 
already  a  snug  fit.  The  pylon  and  a  prosthetic  foot  were 
added  to  complete  the  prosthetic  limb  (Fig.  4).  The  pylon 
adapter  has  two  eccentric  cylinders  that  are  used  to  set 
the  proper  alignment  angle  of  the  pylon  relative  to  the 
socket. 


The  gait  analysis  and  subjective  evaluation 
was  repeated  using  the  SLS  prosthesis.  In 
addition,  measurements  were  made  using  the 
FSCAN’*  system  to  compare  stump-socket 
interface  pressures  in  the  conventional  socket 
and  the  SLS  socket.  The  FSCAN  system  uses 
pezioresistive  pressure  sensitive  plastic  strips 
that  were  attached  to  the  skin  of  the  residual 
limb  at  sites  that  corresponded  to  the  thinned 
regions  of  the  SLS  socket  wall.  Interfaces 
pressures  were  recorded  and  averaged  over  10 
strides.  Pressure  measurements  were  first 
conducted  while  wearing  the  conventional 
socket  and  then  repeated  with  the  SLS  socket 
without  changing  the  location  of  the  sensors. 

A  finite  element  model  of  the  socket  was  developed  at  UTA  during  the  same  time  period 
though  it  was  not  ready  to  use  during  the  socket  design  phase.  Using  IDEAS  from  SDRC'®  the 
socket  volume  is  meshed  with  solid  elements  (parabolic  tetrahedra),  generating  the  final  FE 
model  that  can  be  associated  with  selected  material  properties,  undergo  the  appropriate  boundary 
conditions  and  be  simulated  to  generate  structural  analysis  results.  This  finite  element  model 
proved  to  be  valuable  during  the  clinical  part  of  the  study. 

Materials’  testing  was  also  done  at  UTA.  Sample  Duraform  coupons  fabricated  at  UTA  were 
subject  to  a  uniform  pressure  and  the  deflection  was  measured.  It  was  necessary  to  verify  that  the 
material  properties  of  the  parts  produced  by  SLS  were  the  same  as  used  in  the  finite  element 
model. 


509 


Results 

A  clinically  acceptable  fit  was  achieved  in  all  subjects  with  both  sockets.  All  subjects  were 
satisfied  with  the  fit  of  the  SLS  socket  and  expressed  a  willing  to  use  it  to  meet  their  ambulation 
needs.  Informal  feedback  from  the  subjects  suggested  that  overall  socket  function  was  nearly 
identical  in  three  subjects  who  had  a  history  of  satisfactory  socket  fit  and  prosthetic  use.  The 
fourth  subject  had  a  long  history  of  stump  pain  and  poor  tolerance  to  prolonged  prosthetic  use. 
This  subject  displayed  the  greatest  degree  of  improvement  in  comfort  and  use  of  his  prosthesis 
when  using  the  SLS  socket.  Using  the  visual  analog  scale  (0-10  range)  comparison  of  socket 
comfort  between  the  sockets  ranged  from  the  same  to  15%  improved  with  the  SLS  socket. 
Average  daily  wearing  time  remained  the  same  in  three  subjects  and  increased  by  5  hours  in  the 
fourth  subject. 

Gait  analysis  showed  no  significant  differences  between  SLS  and  conventional  sockets  in 
self  selected  walking  speeds  or  knee  joint  torques. 

Attempts  at  measuring  interface  pressures  were  problematic.  The  difficulties  were  related  to 
sensor  movement  between  test  sessions  and  bucking  and  wrinkling  of  the  sensors  during  the 
loading/unloading  cycle  associated  with  each  step.  The  resulting  measurements  contained 
spurious  errors  and  the  data  needs  to  be  interpreted  cautiously.  Considerable  variability  in  the 
data  existed  but  some  trends  were  observed.  Average  peak  pressures  during  the  stance  phase  of 
gait  showed  no  differences  in  the  lateral  aspects  of  the  socket  but  were  decreased  by  1 1  psi  in  the 
anterior  aspects  of  the  SLS  socket  compared  to  the  conventional  socket. 

There  was  one  notable  failure  where  a  socket 
fractured  as  one  of  the  amputees  stepped  off  of  a  bus.  The 
socket  subsequently  broke  in  two  pieces  as  the  amputee 
continued  to  walk  with  the  limb  (Fig.  5).  While  this 
caused  great  concern  about  the  whole  project,  it  led  to 
greater  understanding  of  the  whole  process.  Upon  close 
examination  it  was  revealed  that  there  were  both  design 
and  materials  components  to  the  failure. 

The  materials  problem  resulted  from  the  way  the 
Sinterstation  2500  was  set  up.  It  was  previously  noticed 
that  the  soeket  material  was  quite  brittle.  This  was  the 
result  of  a  tradeoff  between  feature  definition  and  part 
density.  The  traditional  way  of  operating  an  SLS  machine 
is  to  use  a  laser  power  that  is  less  than  what  would 
produce  the  densest  possible  part.  This  gives  better 
feature  definition  and  the  part  is  easier  to  remove  from 
the  powder  bed.  Running  the  machine  at  a  higher  laser 
power  results  in  a  denser  part  but  with  a  small  loss  in 
accuracy.  The  denser  parts  are  stronger  and  have  material 
properties  that  are  closer  to  an  extruded  part.  The  socket  that  fractured  was  not  fabricated  at  the 
highest  possible  density.  All  succeeding  parts  were  fabricated  at  a  higher  laser  power  and  there 
were  no  further  failures. 
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The  design  problem  came  from  the 
desire  to  provide  the  maximum 
compliance  at  the  distal  end  of  the 
socket.  This  resulted  in  a  notch  between 
the  pylon  adapter  and  the  socket.  This 
was  the  region  where  the  fracture 
started.  The  socket  was  redesigned  to 
blend  the  socket  and  pylon  smoothly 
together. 

The  finite  element  model  of  the 
failed  socket  showed  that  at  the  point  of 
failure  was  the  location  of  maximum 
stress  (Fig  6  in  red).  The  revised  socket 
showed  reduced  stress  at  the  junction  of  the  pylon  and  socket.  In  neither  case  did  the  maximum 
stress  in  the  model  approach  the  (theoretical)  ultimate  limit  of  Duraform. 

Discussion 

This  study  showed  that  the  SLS  sockets  were  clinically  acceptable  and  that  they  can  be 
fabricated  in  a  timely  manner. 

The  desired  amount  of  compliance  hoped  for  was  not  achieved  by  thinning  the  socket  wall. 
It  was  judged  that  a  minimum  wall  thickness  of  1.3  mm  was  necessary  for  structural  integrity 
and  even  at  that  thickness  there  was  little  flexibility. 

The  pylon  adapter  chosen  for  this  study  presents  an  obstacle  to  clinical  acceptance.  The 
eccentric  cylinder  pylon  adapter  was  chosen  as  it  was  simple  to  incorporate  into  the  design.  To 
be  accepted  by  the  prosthetics  profession  it  will  be  necessary  to  accommodate  conventional 
pyramid  adapters. 

Future  Work 

Larger  scale  clinical  studies  are  planned.  In  the  future,  sockets  will  be  designed  directly 
from  scan  data  eliminating  the  pattern  fabrication  step.  One  important  addition  will  be 
incorporation  of  industry  standard  hardware  into  the  socket  design.  New  methods  for  providing 
additional  compliance  for  sensitive  areas  of  the  residual  limb  will  be  employed.  It  is  planned  to 
use  finite  element  modeling  of  the  sockets  during  the  design  phase  to  minimize  the  possibility  of 
failure  as  well  as  testing  new  methods  of  varying  the  socket  compliance. 
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Testing  of  Compliance  in  a  Prosthetic  Socket  Fabricated  Using  Selective  Laser 

Sintering 
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The  University  of  Texas  at  Austin 


ABSTRACT 

Solid  freeform  fabrication  techniques  offer  potential  as  manufacturing  technologies  in 
applications  that  require  custom  design.  One  such  application  is  the  fabrication  of  prosthetic 
sockets.  This  paper  reports  on  research  to  manufacture  compliant  below-the-knee  prosthetic 
sockets  using  selective  laser  sintering  (SLS).  Compliance  in  the  socket  is  a  critical  factor  in  the 
level  of  comfort  the  amputee  experiences  during  gait.  The  ability  to  control  local  geometry  is 
seen  as  an  advantage  of  SLS  in  fabricating  compliant  sockets.  This  paper  presents  work  on 
developing  a  model  of  compliance  for  sockets  constructed  of  Duraform®.  The  approach  taken 
here  is  to  provide  the  necessary  compliance  by  controlling  the  wall  thickness  of  the  socket.  To 
select  the  right  thickness,  a  study  of  the  wall  deflection  with  respect  to  contact  pressure  was 
performed.  An  experimental  testing  device  was  designed  and  constructed  to  test  the  deflection 
versus  pressure  for  different  thicknesses  of  test  circular  discs  made  of  Duraform®.  The  results 
were  correlated  to  a  finite  element  model.  These  results  will  be  used  for  designing  the 
compliance  in  the  walls  of  prosthetic  sockets  fitted  to  actual  patients. 

INTRODUCTION 

This  paper  presents  results  from  the  on  going  research  to  manufacture  a  compliant 
transtibial  (below-the-knee)  prosthetic  socket  using  Selective  Laser  Sintering  (SLS)  [Rogers,  et 
al.,  1991;  Stephens,  1999;  Stephens  et  al.  2000].  This  approach  has  several  potential  advantages 
over  conventional  methods,  such  as  easy  duplication  of  sockets,  flexible  geometric  design  and 
better  control  on  the  socket  thickness.  In  particular,  SLS  offers  the  potential  to  increase 
compliance  in  the  socket  in  selected  locations  by  controlling  the  local  geometry.  Increased 
compliance  relieves  excessive  pressure  on  the  residual  limb  tissue,  especially  in  the  sensitive 
bony  areas,  thereby  enhancing  the  comfort  level  experienced  by  the  amputee.  A  socket  produced 
by  SLS  is  shown  in  Figure  1.  The  goal  of  the  current  research  is  to  develop  a  model  of  the 
compliance  of  a  SLS  material.  This  model  will  be  used  to  design  sockets  based  on  customer 
needs  and  feedback  fi'om  a  prosthetist. 


Figure  1.  SLS  fabricated  transtibial  socket. 

In  the  present  work,  a  series  of  experiments  was  conducted  to  study  the  compliance  of 
thin  Duraform®  discs  processed  using  SFF.  The  experiments  were  then  used  to  verify  a  finite 
element  model  of  the  compliant  discs.  In  this  paper  we  describe  the  experimental  setup  and  the 
results  obtained  from  pressure  tests  on  the  discs.  We  then  compare  the  results  to  finite  element 
simulations  of  the  loaded  discs. 

PRESSURE-DEFLECTION  EXPERIMENTS 

The  test  apparatus  is  designed  to  simulate  as  closely  as  possible  the  load  conditions  on 
the  compliant  region  of  the  socket.  The  design  assumes  the  pressure  on  the  compliant  region  is 
uniform.  To  simulate  this,  thin  compliant  discs,  such  as  those  shown  in  Figure  2,  were  fabricated 
from  Duraform®  and  subjected  to  air  pressure.  The  circular  disks  vary  in  thickness,  being 
thicker  toward  the  outer  diameter  and  thinner  in  the  middle.  The  thin  middle  section  has  a 
nominal  diameter  of  two  inches.  Discs  with  inner  thicknesses  ranging  from  0.033”  to  0.05”  were 
fabricated.  Each  disc  has  a  diameter-to-thickness  ratio  of  20,  permitting  a  thin  disc  assumption 
for  analysis.  The  discs  were  subjected  to  pressures  ranging  from  0  to  60  psi. 
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Figure  2.  Duraform®  specimens. 


Experimental  Apparatus 

A  photograph  of  the  test  device  is  shown  in  Figure  3.  The  inner  diameter  of  the 
aluminum  cylinder  is  two  inches,  corresponding  to  the  thin  region  of  the  specimens.  Since  the 
Duraform  discs  were  porous  and  not  airtight,  a  very  thin  plastic  sheet  was  used  to  seal  the  air 
pressure.  Two  soft  rubber  gaskets  are  also  used  to  make  the  seal  between  the  support  discs 
airtight.  One  circular  flange  is  attached  to  the  main  cylinder  using  metal-to-metal  glue.  The 
other  flange  is  used  to  clamp  the  Duraform  disc,  which  is  centrally  placed  between  the  flanges 
and  held  rigidly  on  its  periphery  with  four  Va  inch  nuts  and  bolts.  Compressed  air  is  supplied 
using  a  Schrader  valve  that  is  screwed  into  the  other  end  of  the  cylinder  as  shown  in  Figure  4.  It 
is  important  to  note  that  this  device  was  designed  for  static  load  analysis.  The  instruments  used 
to  measure  pressures  and  deflections  were  a  pressure  gauge  and  a  dial  gauge.  The  pressure 
gauge  is  attached  to  a  half-inch  pipe  nipple  that  is  screwed  into  the  side  of  the  cylinder.  The 
resolution  of  the  pressure  gauge  is  5  psi  for  the  range  0-20  psi,  and  4  psi  for  pressures  above  20 
psi.  The  resolution  of  the  dial  gauge  is  0.001”.  These  were  found  to  be  reasonably  accurate  for 
these  experiments.  To  avoid  disturbance  in  the  dial  gauge  readings  the  whole  device  is  rigidly 
clamped  to  the  table  as  shown  in  Figures  4  and  5,  with  the  probe  of  the  dial  gauge  adjusted  so 
that  it  touches  the  center  of  the  disc.  The  set  up  can  be  seen  in  Figure  5.  The  maximum  pressure 
of  the  compressed  air  supply  was  100  psi. 


515 


Figure  3.  Device  used  to  test  compliance. 


Figure  4.  Experimental  set  up  (back  view). 


Figure  5.  Experimental  set  up  (front  view). 
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Experimental  Results 

The  Duraform  discs  of  varying  thicknesses  (0.033”-0.05”)  were  made  using  a 
Sinterstation  2000.  The  first  set  of  discs  made  was  of  recycled  powder.  A  subsequent  set  made 
from  virgin  powder  was  tested.  As  the  differences  were  negligible,  we  present  the  results  from 
the  recycled  powder.  Air  pressure  up  to  60  psi  was  applied  to  the  Duraform,  then  decreased  in 
steps  as  the  deflection  at  the  center  of  the  disc  was  recorded.  Three  sets  of  readings  were  taken 
for  each  disc.  Figure  6  shows  the  results  for  the  0.5”  disc,  and  Figure  7  shows  the  results  for  the 
0.033”  disc. 


Deflection  vs.  Pressure 
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Figure  6.  Deflection  results  for  0.05”  disc. 
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Deflection  vs.  Pressure 
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Figure  7.  Deflection  results  for  0.033”  disc. 

Results  and  Observations 

The  graphs  above  illustrate  an  unexpected  but  important  result.  Each  disc  experienced 
some  permanent  deformation  every  time  a  set  of  readings  was  taken.  Clearly,  at  some  point  the 
disc  exceeds  the  elastic  limit.  Further  evidence  of  this  is  given  by  the  visible  bulge  that  remains 
after  the  disc  is  unloaded,  giving  the  initially  flat  disc  a  spherical  shape  (see  Figure  8).  Also  note 
the  general  trend  of  reducing  maximum  deflection  for  each  consecutive  set  of  readings.  Upon 
sudden  reduction  in  pressure  the  disc  does  not  regain  its  original  shape  instantly.  Rather,  it  tends 
to  regain  its  new  initial  state  very  slowly  and  gradually.  To  test  the  maximum  pressure  the  disc 
could  withstand  before  cracking,  pressure  up  to  100  psi  was  applied  to  both  the  discs.  However, 
spite  of  this  high  pressure,  neither  disc  failed. 

Sources  of  Error 

Though  the  procedure  was  followed  carefully  to  get  the  results  as  accurate  as  possible  there  are 
some  somces  of  experimental  errors.  The  following  sources  were  identified: 

1.  Use  of  a  tactile  measurement  instrument  (dial  gauge-least  count  is  0.001”)  to  measure  the 
deflection  of  the  disc.  This  source  of  error,  though  very  insignificant,  reduces  the 
accuracy  of  the  deflection  of  the  disc.  Another  source  of  error  due  to  this  instrument  is 
the  friction  between  the  tip  of  the  probe  and  the  disc.  To  account  for  these  phenomena. 


reading  1 
reading2 
reading3 
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all  readings  were  assumed  to  have  a  general  tolerance  of  about  ±  0.005”.  Three  sets  of 
readings  were  taken  for  each  data  point  to  account  for  this  error. 


2.  Use  of  the  polyethylene  seal.  For  complete  accuracy,  the  overall  disc  should  be  treated  as 
a  composite  disc  (polyethylene  +  Duraform).  However,  this  is  difficult  to  account  for 
analytically.  Thus,  measures  were  taken  to  eliminate  effect  of  the  sheet  on  the  deflection 
of  the  disc,  such  as  making  the  sheet  larger  in  the  deflection  zone  so  it  is  loose  and  does 
not  provide  significant  resistance  to  the  applied  pressure.  It  is  safe  to  assume  that  the 
pressure  recorded  is  indeed  the  pressure  applied  to  the  disc. 


3.  There  may  be  a  very  small  amount  of  error  involved  in  the  overall  experimental  set  up. 
As  seen  from  the  figure  the  set  up  is  very  basic  with  no  built-in  support  structure. 
Rigidity  is  provided  using  clamps,  which  may  not  prevent  slipping,  though  care  has  been 
taken  to  ensure  no  slippage. 


4.  The  test  discs  are  not  exactly  uniformly  thick.  This  is  a  definite  but  unpredictable  source 
of  error. 


Figure  8.  Undeformed  disc  before  experimentation  (right)  and  deformed  disc  after 

experimentation  (left). 
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FINITE  ELEMENT  ANALYSIS  OF  DURAFORM  DISCS 


The  goal  of  this  research  is  to  develop  a  finite  element  (FEA)  based  compliance  model 
that  can  be  used  to  design  prosthetics  sockets.  This  section  describes  the  model  developed  and 
compares  the  results  of  the  model  to  the  experimental  results  presented  in  the  previous  section. 
All  FEA  results  were  obtained  using  ANSYS  5.5  from  ANSYS,  Inc.,  Canonsburg,  PA. 

The  FEA  analysis  of  each  disc  assumes  that  the  disc  is  rigidly  clamped  at  it  periphery, 
thus  simulating  the  experiment  performed  above.  In  order  to  be  able  to  do  the  FEA,  properties  of 
Duraform  such  as  the  elastic  moduli  (Ex,  Ey)  and  Poisson’s  ratio  were  needed.  Due  to  layered 
nature  of  SLS,  the  resulting  parts  and  elastic  moduli  are  orthotropic  in  nature.  We  used  the 
experimental  results  from  [Watson,  1999]  for  these  properties.  In  particular,  a  stress-strain  curve 
was  used  rather  than  a  single  value  for  the  elastic  modulus.  The  curve  used  is  shown  in  Figure  9, 
as  plotted  by  ANSYS.  The  value  for  Poisson’s  ration  was  determined  by  solving  a  deflection 
relationship  iteratively  to  correlate  with  the  experimental  results  from  the  previous  section.  The 
computed  value  of  Poisson’s  ratio  was  0.406,  which  agrees  well  with  values  published  by  DTM 
Corp. 


Figure  9.  Stress-strain  curve  used  for  FEA. 
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Finite  Element  Model 


The  element  PLANE42  was  used  for  the  analysis.  This  element  assumes  the  behavior  of 
the  disc  is  axisymmetric  and  isotropic.  Deflections  and  stresses  were  analyzed  for  the  disc  cross- 
section.  Since  the  specimens  can  be  considered  thin  discs,  we  assumed  that  Ey  has  no  significant 
effect  on  the  results.  This  assumption  is  confirmed  by  the  stress  distribution  in  they  axis 
direction,  as  shown  in  Figure  10,  which  shows  very  low  and  uniform  stresses. 
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Figure  10.  Stress  distribution  in  they  direction. 


FEA  Results 

Using  these  values  for  the  mechanical  properties,  the  finite  element  analysis  yielded  the 
results  shown  in  Table  1.  Figures  1 1  and  12  show  the  cross  section  of  the  deformed  shaped  and 
the  stress  distribution  in  the  x  direction,  respectively,  for  the  0.033”  disc.  Pressure-deflection 
graphs  for  the  experimental  and  analytical  results  for  the  0.033”  disc  are  shown  in  Figure  13. 
The  figure  shows  there  is  good  agreement  between  the  two. 
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Table  1.  Deflection  vs.  pressure  results  from  FEA. 
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Figure  11.  Cross  sectional  deflection  of  disc  in  x  direction. 
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Figure  12.  Stress  distribution  of  disc  in  x  direction. 
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Deflection  vs  Pressure 


Analysis  of  Results 

In  order  to  quantify  the  match  between  the  experimental  and  FEA  results,  a  Kolmogorov- 
Smimov  Two  Sample  Test  [Johnson  and  Leone,  1964]  was  performed  on  the  two  data  sets.  The 
two-sample  Kolmogorov-Smiraov  test  determines  whether  two  independent  samples  come  from 
the  same  distribution  by  comparing  the  two-sample  cumulative  distribution  functions.  The  test 
assumes  that  both  samples  come  from  exactly  the  same  distribution. 

Using  SYSTAT,  a  statistics  package  from  SSPS  Science,  Chicago,  IL,  the  Kolmogorov- 
Smimov  two  sample  test  was  preformed  with  a  significance  level  of  0.05.  The  results  are  shown 
in  Table  2.  The  results  show  that  the  two  distributions  are  from  the  same  distribution  with  a 
confidence  of  96.2  %.  Thus,  the  important  step  of  obtaining  similar  results  from  the  experiments 
and  FEA  was  achieved. 

Table  2.  Kolmogorov-Smirnov  two  sample  test  results. 


Maximum  Difference  for  Pairs  of  Variables 

FEA 

Experimental 

FEA 

0.000 

Experimental 

0.2 

0.000 

Two-Sided  Probabilities 

FEA 

- 

- 

Experimental 

0.962 

- 

CONCLUSIONS 

The  focus  of  the  work  reported  here  is  compliance  in  single  walled  prosthetic  sockets.  To 
quantify  the  compliance  of  Duraform®,  thin  circular  discs  with  varying  thicknesses  were 
subjected  to  pressures  corresponding  to  those  that  would  be  experienced  during  gait  by  the 
amputee.  The  deflections  of  the  discs  were  recorded  as  indicators  of  the  degree  of  compliance. 
These  results  were  compared  to  a  finite  element  model  of  the  discs.  In  order  to  obtain  good 
agreement  between  the  experimental  and  analytical  models,  a  non-linear  stress-strain  curve  for 
Duraform®  was  used. 

The  work  reported  here  is  part  of  an  ongoing  effort  to  improve  the  performance  of 
prosthetic  sockets  using  SLS.  We  have  fitted  several  sockets  to  patients  and  performed  limited 
clinical  trials,  with  promising  results.  The  next  step  is  to  use  the  results  from  the  compliance 
tests  to  optimize  the  socket  design.  We  also  need  to  determine  the  durability  of  Duraform® 
sockets  made  with  SLS.  Also,  more  extensive,  long-term  clinical  trials  are  necessary  to  prove 
the  durability  of  these  sockets. 
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Abstract 

This  paper  presents  a  case  study  of  applying  rapid  prototyping  in  assisting  in  the  design  and 
development  of  inter- vertebral  implants  for  spine  fusions.  The  major  process  of  design  and 
implant  development,  its  biological  and  mechanical  requirements,  the  approach  for  developing  a 
3D  reconstructive  vertebral  anatomy  model,  the  inter-vertebral  implant  CAD  model,  and  the 
integration  with  a  finite  element  analysis  for  the  implant's  structural  analysis  are  presented.  The 
process  of  3D  Printing  of  the  vertebral  anatomy  and  the  inter- vertebral  implant  is  described.  The 
application  of  the  prototyping  model  in  assisting  in  the  inter-vertebral  anatomic  fitting,  in 
guiding  the  implant's  geometric  design,  in  helping  with  the  virtual  surgical  planning,  and  in 
understanding  the  implant's  mechanical  properties  and  structural  stability  are  discussed. 

1.  Introduction 

Over  1  million  operations  annually  involve  bone  repair  and  over  200,000  spine  fusion 
procedures  are  carried  out  each  year  in  order  to  cure  various  back  ailments  [1,  2]. 
Pseudoarthrosis  occurs  in  10  -  40%  of  single  level  fusions,  and  at  a  significantly  higher  rate  for 
multiple  level  fusions  [3].  Current  standards  of  care  for  spinal  fusion  involve  various  implants  or 
grafting  techniques.  However,  these  techniques  or  implants  are  often  limited  by  their  biological 
or  mechanical  constraints.  For  example,  autograft,  the  best  grafting  process,  which  takes  bone 
from  the  patient’s  own  body,  is  limited  by  its  availability  and  variation  in  quality  (bone  from  an 
osteoporotic  patient  is  not  strong  graft  material),  and  perhaps  most  significantly,  by  its  host  site 
morbidity.  Allograft,  processed  from  cadavers  when  or  where  autograft  is  not  available  or 
practical,  has  a  lower  success  rate  compared  to  autograft  in  most  settings.  In  addition,  it  carries 
the  risk  of  disease  transmission.  Due  to  these  limitations,  implants  have  been  developed 
specifically  for  spinal  fusions.  The  most  commonly  used  implants  are  normally  made  from 
titanium,  a  biocompatible  material  that  has  good  mechanical  properties.  The  geometries  of  inter¬ 
vertebral  implants  also  vary,  from  circular  threaded  implants  (placed  with  the  axis  perpendicular 
to  the  axis  of  the  spine),  to  mesh  implants  (placed  with  the  axis  parallel  to  the  axis  of  the  spine), 
and  to  implants  that  are  rectangular  or  “dog  boned”  in  shape.  Biomechanical  studies  have 
demonstrated  that  rectangular  inter- vertebral  implants  offer  increased  stiffness  in  compression  as 
compared  to  cylindrical  ones  [4].  Some  surgeons  believe  that  the  increased  contact  area  offered 
by  a  rectangular  inter- vertebral  implant  may  also  increase  the  likelihood  of  fusion. 

From  a  mechanical  point  of  view,  any  implant  for  spinal  fusion  must  provide  immediate 
stability  rmder  compression.  The  implant  must  remain  motionless  while  transmitting 
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compressive  forces  in  order  for  bone  healing  to  occur.  Bone  will  not  grow  where  there  are 
tensional  or  bending  motions,  nor  will  it  grow  in  the  absence  of  stress.  Mechanical  stability, 
however,  is  not  the  only  factor,  certain  biological  factors  must  also  be  present.  These  factors 
include  the  osteogenic  cells  (that  remodel  bone),  osteoinducive  factors  (that  encourage  bone 
growth),  and  osteoinductive  factors  (that  provide  a  frame  or  scaffold  for  bone  growth). 
Unfortunately,  pure  titanium  made  inter- vertebral  implants  fail  to  provide  any  of  these  biological 
factors.  On  the  other  hand,  although  hydroxyapatite  has  been  widely  used  for  coating  many 
orthopedic  implants  due  to  its  osteoinductive  behavior  [5-7],  it  is  brittle  and  fractures  easily  over 
time,  and  therefore,  hydroxyapatite  is  difficult  to  use  alone  as  an  ideal  implant  material. 
Furthermore,  plasma  sprayed  hydroxyapatite  on  the  surface  of  metallic  implants  may  change  its 
compositional  properties;  the  coated  hydroxyapatite  also  produces  a  modulus  mismatch,  and 
frequently  the  hydroxyapatite  coating  on  the  newly  formed  bone  will  peel  off  from  the  metallic 
implants  and  the  unifomiity  of  the  physical  and  chemical  properties  as  well  as  the  bioactivity 
could  eventually  be  lost  [8-12]. 

Recently,  a  Titanium-Hydroxyapatite  (TiHA)  composite  has  been  considered  as  a 
potential  biomaterial  that  can  offers  a  blended  biocompatibility,  osteoinductive  properties,  and 
mechanical  properties  for  implant  application.  This  paper  will  report  a  case  study  of  using  rapid 
prototyping  technology,  along  with  enabling  computer-aided  design  and  computer-aided 
engineering  (CAD/CAE),  medical  imaging  processing  and  3D  reconstruction  to  assist  in  the 
design  and  development  of  TiHA  inter-vertebral  implants.  The  presentation  of  the  paper  is 
organized  as  follows.  Section  2  describes  the  process  of  the  3D  reconstmction  in  building 
vertebra]  anatomy  from  computed  topography  images.  The  CAD  modeling  and  integrated  CAD 
and  CAE  simulation  in  the  design  development  and  in  the  structural  analysis  of  the  inter¬ 
vertebral  implant  is  presented  in  Section  3,  including  the  studies  on  the  anatomic  fitting  of  the 
models  and  the  implant's  structural  stability  in  spinal  fusions.  The  major  procedures  of  the  3D 
Printing  and  post  sintering  process  for  prototyping  the  vertebral  physical  model  and  the  implant 
are  described  in  Section  4.  A  summary  and  conclusion  are  given  in  Section  5. 

2.  Three-Dimensional  Reconstruction 

When  considering  a  reconstructive  surgery  or  implantation,  it  is  often  difficult  to 
ascertain  the  exact  nature  of  the  affected  internal  anatomy.  Advances  in  Computed  Tomography 
(CT)  and  Magnetie  Resonance  Imaging  (MRI)  have  led  to  the  generation  of  3-Dimensional  (3D) 
representations,  or  views,  for  internal  anatomies  through  3D  reconstructive  techniques.  A  general 
process  for  3D  reconstruction  of  an  anatomic  model  from  CT  or  MRI  data  is  described  in  Figure 
1 .  As  shown  in  the  process,  the  CT  or  MRI  data  are  extracted  through  2D  segmentation  and  3D 
region  growth  to  form  volumetric  image  which  provides  more  meaningful  and  derivative  3D 
anatomic  representation.  A  3D  anatomic  representation  produces  novel  views  of  patient  anatomy 
while  retaining  the  image  voxel  intensities  that  can  be  used  for  volume  rendering  and  volumetric 
representation  of  3D  anatomic  structure.  The  3D  volumetric  representation  of  anatomie 
structures  can  be  used  to  generate  a  contour  based,  surface  based,  or  volume  based  computer 
modeling  through  CAD  techniques,  or  to  be  used  to  directly  produce  physical  prototype.  These 
CAD  and  prototyping  modeling  are  very  helpful  when  applied  to  assist  in  surgical  planning, 
practice,  and  education  [13]. 
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Figure  1:  From  CT/MRI  to  3D  reconstruction  [13] 

In  this  case  study,  a  CT  scan  of  the  spine  of  an  adult  human  cadaver  was  used.  CT  gives 
excellent  resolution  of  the  vertebral  bony  structures  with  which  the  accurate  3D  vertebral  models 
can  be  developed.  The  geometric  and  positional  accuracy  of  the  vertebral  bony  structures  is 
critical  since  the  implant  will  rest  between  two  successive  vertebrae  and  act  as  an  extension  of 
the  vertebral  bodies.  CT  data  was  input  into  MIMICS,  a  software  package  (Materialise  Corp., 
Belgium)  used  to  interface  the  scanned  images  and  the  3D  reconstructive  model  for  vertebral 
anatomy.  MIMICS  allows  users  not  only  to  visualize  CT  segments  but  also  to  edit  them  as 
needed,  in  our  case,  to  create  a  needed  cavity  by  removing  the  inter-vertebral  disc  and  to 
simulate  the  insertion  and  placement  a  suitable  implant. 

The  patient’s  CT  images  were  imported  into  MIMICS.  Factors  such  as  image  size,  slice 
thickness,  pixel  size,  and  number  of  images  per  file  were  properly  defined  and  the  images  were 
organized  in  order  to  select  the  region  of  interest:  two  adjacent  vertebrae.  Directions  (anterior, 
posterior,  top,  bottom,  left,  right)  were  set  according  to  the  anatomy.  A  profile  line  was  drawn 
transversely  across  the  vertebral  body.  Based  on  this  profile,  a  lower  threshold  value  between  the 
value  of  the  cortical  wall  of  the  vertebrae  and  the  inside  of  the  vertebral  body  was  set.  After 
setting  the  threshold,  region  growing  was  used  to  define  a  yellow  mask  including  the  cortical 
bone  regions.  A  3D  reconstruction  of  this  mask  was  generated  and  is  shown  in  Figure  2.  Poly¬ 
lines  were  then  created  and  the  image  was  cleaned  up  to  more  accurately  represent  the  region  of 
interest.  The  tubular  structure  anterior  to  the  vertebral  bodies  was  removed.  This  structure  was 
probably  the  aorta  or  vena  cava  based  on  its  location.  The  “filaments”  between  the  vertebral 
bodies  were  also  removed  as  these  were  probably  representative  osteophytes  or  the  degenerated 
disc,  and  in  any  case,  this  area  would  be  removed  during  the  surgical  procedure.  Finally,  a  clean 
3D  reconstructive  vertebrae  representation  after  removing  the  soft  tissue  and  the  inter-vertebral 
disc  was  created  as  shown  in  Figure  3.  The  3D  reconstructive  model  is  further  translated  into  an 
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stl  fonnat  to  produce  rapid  prototyping  modeling,  which  will  be  used  to  guide  the  spinal  inter¬ 
vertebral  implant  design. 


Figure  2:  3D  reconstmctive  vertebrae  Figure  3:  Edited  3D  reconstructive  vertebrae 

with  soft  tissue  and  inter-vertebrae  disc  After  removing  soft  tissue  and  inter-vertebrae  disc 


3.  Inter-Vertebral  Implant  Design  Modeling  and  Structural  Simulation 

The  following  design  considerations  were  applied  in  the  design  and  development  of  the 
spinal  inter- vertebral  implant: 


1. 

2. 

3. 

4. 


The  inter-vertebral  implant  must  be  implantable  by  using  the  existing  instruments; 
The  size  of  the  implant  must  anatomically  fit  within  the  patient's  vertebrae; 


The  implant  must  be  able  to  withstand  the  pressures  exerted  on  it  by  the  spine; 


If  needed,  allograft  or  autograft  material  may  be  placed  inside  the  implant. 


The  anatomic  compatibility,  or  the  anatomic  fit,  of  the  spinal  inter- vertebral  implant  was 
accomplished  by  designing  the  geometry  and  size  of  the  implant  to  fit  the  interior  cavity  of  the 
vertebrae.  The  determination  of  the  interior  cavity  of  the  vertebrae  was  achieved  by  using  the  3D 
reconstructive  model  developed  from  the  patient's  CT  imaging.  According  to  the  anatomic 
dimensions,  the  spinal  inter-vertebral  implant  was  designed  and  the  CAD  model  was  generated 
through  Pro/Engineer  (Pro/E)  2000i  software  [Parametric  Technology  Corporation,  Waltham, 
Massachusetts,  2001].  Using  the  Pro/E  feature  and  parameteric-based  design  capability,  we 
defined  the  implant  critical  dimensions,  such  as  the  height  and  the  contour  size  of  the  surfaces,  as 
the  parameters  which  are  determined  from  the  patient  3D  reconstructive  model  generated  from 
the  CT  image,  and  also  on  purposely  designed  the  top  and  bottom  surfaces  of  the  inter-vertebral 
implant  with  an  inclined  angle  in  order  to  best  fit  the  interior  cavity  of  the  customized  vertebrae. 
Representations  of  the  designed  implant  CAD  model  and  its  anatomic  fitting  are  presented  in 
Figure  4  and  Figure  5,  respectively. 


As  discussed  earlier,  titanium  is  a  well-known  biomaterial  with  good  mechanical 
properties,  but  it  is  not  bioactive,  whereas  hydroxyapatite  is  bioactive  (osteoconductive),  but  it  is 
brittle.  The  combination  of  hydroxyapatite  and  titanium,  TiHA,  may  lead  to  a  composite  material 
with  desirable  biological  and  mechanical  properties.  As  in  any  composite  material,  the  properties 
of  TiHA  depend  on  the  composition  of  the  constituents.  When  TiHA  is  used  to  make  the  spinal 
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inter- vertebral  implant,  it  is  important  to  know  its  strength  and  stiffness  associated  with  the  given 
compositions  in  order  to  determine  whether  the  designed  implant  can  undertake  the  applied  load 
after  being  placed.  The  analyses  to  determine  the  rrechanical  behavior  of  the  inter- vertebral 
implant  were  conducted  by  using  Pro/MECHANICA  (Pro/M)  [Parametric  Technology 
Corporation,  Waltham,  Massachusetts,  2001],  a  finite  element  analysis  software. 


Figure  4:  CAD  model  of  the  designed 
inter-vertebral  implant 


Figure  5:  Anatomic  fitting  of  the 
inter- vertebral  implant 


The  effective  Young’s  module  (Etiha),  the  Poisson  ratio  (UriHA),  and  the  strength  (Otiha)  of 
TiHA  composite  were  derived  from  the  composite  micro-mechanical  model  [15],  and  expressed 
in  Equation  (1)  to  Equation  (3),  respectively.  In  which.  Equation  (1)  represents  the  formula  of 
effective  Young’s  module  of  composite  consisting  of  titanium  particle  embedded  in  the 
hydroxyapatite  matrix.  Equation  (2)  and  Equation  (3)  represent  the  mathematical  formulation  of 
Poisson  ratio  and  strength  derived  based  on  the  composite’s  Rule  of  Mixture. 
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Eha  +  {Eji  —  EffAWn 
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rl/3 


-} 


-VTiEn  '^'^NA^HA 


(1) 

(2) 

(3) 


in  which,  Eri  and  denote  the  Young’s  modules,  Uti  and  Uha  denote  the  Poisson  rations,  and 
Vxi  and  Vha  denote  the  volume  fractions  of  TiHA  composite  for  titanium  and  hydroxyapatite, 
respectively.  The  material  properties  of  hydroxyapatite  and  titanium  and  the  results  of  the 
calculation  are  listed  in  Table  1.  The  volume  factions  of  both  constituents  Vri  and  Vha  in  TiHA 
were  all  assumed  to  be  0.5  in  the  calculation. 


It  should  be  pointed  out  that  the  model  predicted  data  can  only  be  served  as  reference 
data  since  the  actual  properties  of  the  TiHA  composite  are  process- dependent  and  related  to  the 
process  parameters  such  as  the  synthesized  temperature,  pressure,  and  the  micro- structure  of  the 
constituents  (shape  and  size).  The  realistic  TiHA  properties  should  be  obtained  through 
experimental  tests. 
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Table  1  -  The  elastic  pro 

perties  of  TiHA  composite 

Material 

E  in  GPa  (Msi) 

Poisson  ration  \) 

Strength  in  compression 
(MPa) 

Hydroxyapatite  [14] 

34.0  (5.0) 

0.28 

75 

Titanium  [12] 

117.0(17.0) 

0.33 

600 

TiHA 

65.5  (9.6) 

0.305 

337.5 

In  the  finite  element  analysis,  Pro/M  software  first  converted  the  Pro/E  implant  CAD 
model  into  a  FEA  model.  The  AUTOMECH  module  in  Pro/M  was  used  to  automatically 
generate  a  total  of  728  tetrahedral  elements.  The  meshing  and  the  elements  are  shown  in  Figure 
6.  The  boundary  conditions,  constraints,  and  loading  were  then  applied  to  the  FEA  model.  To 
simulate  the  deformation  of  the  implant  within  the  vertebrae,  we  allowed  the  top  and  bottom 
surfaces  of  the  implant  to  be  free  to  deform  and  only  completely  constrained  three  individual 
nodes  at  the  bottom  surface  to  ensure  the  model  stability  in  the  finite  element  analyses.  The 
pressure  loading  were  applied  on  the  top  and  bottom  surfaces  to  mimic  the  pressure  imposed  by 
the  vertebrae.  The  constraints  and  loading  conditions  for  the  analysis  are  schematically  shown  in 
Figure  7. 


Figure  6:  FEA  mesh  of  the  implant 


Figure  7:  Constraints  and  loading 


Extra  care  must  be  exercised  in  determining  the  loading  imposed  on  the  implant. 
Anatomically,  the  vertebrae  consist  of  a  thin  shell  of  hard  cortical  bone  surrounding  a  network  of 
softer  trabecular  bone.  Under  normal  physiological  conditions,  most  of  the  load  on  the  vertebral 
body  is  slightly  anterior  to  its  midpoint.  Thus,  the  cortical  bone  in  this  area  tends  to  be  denser 
and  stronger  [16].  Physiological  loads  on  lumbar  vertebrae  are  difficult  to  measure.  From  a 
design  point  of  view,  this  does  not  provide  sufficient  information  to  determine  the  loading 
applied  to  the  implant  from  the  weight  of  the  body  or  from  a  weight  that  is  lifted.  The  center  of 
gravity  in  the  human  body  is  anterior  to  the  spine,  so  the  resultant  moments  must  be  balanced  out 
by  muscles  such  as  the  spinal  erectors.  This  may  result  in  a  higher  load  exerted  on  the  spine.  In  a 
recent  landmark  experiment,  load  cells  were  implanted  into  the  lumbar  spine  of  baboons.  In 
some  cases,  loads  were  so  high  that  they  were  beyond  the  measuring  capacity  of  the  load  sensor. 
For  example,  standing  upright  resulted  in  a  load  of  690  N  for  an  animal  weighing  390  N  [17]. 
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In  our  analysis,  we  assume  that  the  total  pressure  load  passing  through  the  lumbar 
vertebrae  is  applied  on  both  top  and  bottom  surfaces  of  the  implant  model  as  shown  in  Figure  8. 
Since  we  do  not  know  exactly  how  the  pressure  is  distributed  on  the  surfaces,  we  studied  two 
possible  pressure  patterns,  as  shown  in  Figure  8.  One  pattern  assumes  that  the  pressure  is 
uniformly  distributed  on  the  surfaces.  As  shown  in  Figure  8a,  puniform  =  4.33  MPa,  which  is 
equivalent  to  2000  N  total  pressure  load  The  other  assumes  that  the  magnitude  of  the  applied 
pressure  varies  linearly  with  the  inclined  angle  of  the  surfaces,  for  example,  pnax  =  7.447  MPa, 
and  pnin  =  1.242  MPa,  which  is  also  equivalent  to  2000  N  total  pressure  load,  as  shown  in  Figure 
8b.  The  mechanical  properties  of  in  vivo  vertebrae  may  vary  due  to  the  bone  mineral  density  and 
the  variations  in  morphology.  The  maximum  pressure  applied  on  the  surface,  pmax  =  7.447  MPa, 
is  between  the  strength  of  cortical  bone  (compression  strength  =  195  MPa)  and  the  strength  of 
cancellous  bone  (compression  strength  =  2.8  MPa).  Therefore,  if  the  cortical  bone  is  in  good 
condition,  we  expect  it  will  be  able  to  withstand  the  applied  pressure,  i.e.,  to  support  the  inter¬ 
vertebral  implant  without  collapsing  the  bone. 


Anterior 


8a):  Uniformly  distributed  pressure  pattern  8b):  Linearly  distributed  pressure  pattern 

Figure  8:  -  Pressure  patterns 

In  the  finite  element  analyses  presented  in  this  study,  we  assume  the  mechanical 
properties  of  the  TiHA  to  be  linearly  elastic  with  the  properties  listed  in  Table  1.  Using  Pro/M, 
the  P-version  high  order  interpolating  polynomials  was  adopted  for  the  solution  convergence.  In 
our  case  studies,  6  p-loop  passes  were  performed  before  all  elements  satisfied  the  convergence 
condition.  The  results  of  the  finite  element  analysis  are  represented  in  Figure  9  and  Figure  10, 
respectively.  Figure  9  displays  a  contour  representation  of  the  maximum  principal  stress  and 
minimmn  principal  stress  distributed  in  the  inter-vertebral  implant  subject  to  a  uniformly 
distributed  pressure  loading.  Figure  10  shows  the  similar  contour  representation,  but  for  a 
linearly  distributed  pressme-loading  condition. 

A  summary  of  the  maximum  and  minimum  principal  stresses  calculated  from  the  finite 
element  analyses  for  the  inter- vertebral  implant  are  listed  in  Table  2.  These  values  are  used  to 
verify  if  the  implant  satisfies  the  strength  requirement.  It  can  be  shown  that  all  calculated 
maximum  stresses  in  the  implant  are  below  the  strength  of  the  TiHA  composite,  for  example, 
Omax  (minimum  principal)  =  297.1  MPa  <  337.5  MPa  (TiHA  strength).  With  this,  we  assume  that 
the  designed  inter-vertebral  implant  with  the  TiHA  composite  at  a  50/50  composition  will 
probably  be  structurally  strong  enough  to  withstand  the  specified  loading.  However,  as  discussed 


before,  the  property  of  the  implant  is  influenced  by  many  processing  factors  and  the  important 
property  data  should  be  examined  through  appropriate  experimental  testing. 


S  I  r  X  Pi  ',  n  t  j  r.unr- 1 

Tic  ^  D  r  Dr  1 1]  I  hs  1  Node  ' 

Na>.  o'ser^F'-ni 

"[‘Crtitr  5!03t.  ♦fM; 

Lofcd'  li'i^cU 


i  . 

D.  -4'  Dr*»D! 

*“  I  .  £<? 

*- 1-.  i  to 


Hir  cs^  Ihn  Pr  (M  >r.  irua^l 
jUvg 

;Mvg.  M:r  -2  ..5^D6t  ♦  ■ 

pDefortf^cd  Drtajnal  Node! 

H  Ma  A  ft  i  ‘  3 . 99  t'oL  •  n 

r  S183tM"P 
pLoad  load! 


-  i  -  . 

•'■e.3^Er^DJ 
“i  .2^re-^Jc 

^r-t  0c 


Maximum  principal  stress  Minimum  principal  stress 

Figure  9:  Contour  representation  of  the  maximum  and  minimum  principal  stresses 
under  uniformly  distributed  pressure  loading 
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Table  2-  Finite  element  results  in  the  Implant 


Load  pattern 

Total  load 

Omax  (Max.  principal) 

Omax(Min.  principal) 

Uniform  pressure 

2000  N 

141.2  MPa 

-297.1  MPa 

Linear  pressure 

2000  N 

128.7  MPa 

-285.8  MPa 

4. 3D  Printing  of  Vertebrae  and  Inter-Vertebral  Implants 

Titanium  and  hydroxyapatite  can  be  made  into  a  composite  by  the  powder  consolidation 
method.  A  volume  fraction  of  50/50  (titanium  and  hydroxyapatite  powders)  is  mixed  using  a 
ball  milling  operation.  After  undergoing  an  appropriate  thermal  treatment,  the  synthesized  TiHA 
composite  will  provide  the  hydroxyapatite  with  more  ductility  while  still  providing  the  osteo- 
conductive  feature  of  pure  hydroxyapatite.  In  addition  to  its  biological  effects,  the  TiHA 
composite  material  will  have  a  higher  toughness  (less  brittle)  than  pure  hydroxyapatite  as  well  as 
a  good  fatigue  property.  This  is  particularly  beneficial  for  spinal  fusion  since  most  spinal 
implants  are  damaged  due  to  the  fatigue  failure. 

The  rapid  prototyping  of  TiHA  implants  involves  primarily  two  major  processes:  1)  3D 
Printing  of  the  green  part;  and  2)  Hot  Iso-static  Pressing  (HIP)  of  the  TiHA  component.  The  flow 
chart  of  the  processes  is  schematically  presented  in  Figure  11.  The  work  completed  in  the  first 
process,  i.e.,  3D  printing  of  vertebrae  and  inter-vertebral  implants,  is  reported  in  this  study.  A 
general  sintering  procedure  of  the  HIP  post-process  will  be  briefly  described.  However,  research 
work  in  the  second  process,  particularly  on  the  binding  mechanism  of  the  TiHA  particles  and  the 
effect  of  the  post-HIP  process  on  the  biological  and  mechanical  behavior  of  the  TiHA  component 
are  still  under  investigation  and  the  results  will  be  reported  in  the  future. 


Figure  11:  Flow  chart  of  rapid  prototyping  of  TiHA  implant 

In  the  beginning  of  the  3DP  process,  the  stl  files  generated  from  MIMICS  for  vertebrae 
anatomy  and  from  Pro/E  for  the  inter- vertebral  implant  were  converted  into  a  Z402  system  Build 
File  (*.bld)  and  the  data  was  temporarily  stored  in  the  form  of  slices.  The  slice  data  were 
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interpreted  and  put  together  by  a  3D  printing  system  to  produce  the  prototypes.  The  Z402  system 
consists  of  2  powder  bays,  a  feed  bay,  a  build  bay,  and  a  binder  spray  head  with  a  cartridge.  The 
slice  data,  obtained  from  the  Build  File,  are  input  into  the  machine.  The  binder  spray  head 
initially  sprays  the  binder  on  to  the  first  powder  layer  (depending  on  the  cross-section  of  the  part 
at  that  particular  section).  As  the  binder  head  moves  across  the  2  bays,  it  rolls  a  layer  of  powder 
(depending  on  the  specified  layer  thickness)  from  the  feed  bay  to  the  build  bay.  This  process 
continues,  layer  by  layer,  until  the  entire  prototype  is  built.  The  printed  prototype,  or  green  part, 
is  tlien  removed  from  the  build  bay  and  cleaned  using  compressed  air  to  remove  the  excess 
powder.  Furthermore,  the  green  part  is  subjected  to  a  post-process  by  infiltrating  wax  or  polymer 
resin  to  give  additional  strength  before  sending  to  HIP  process  to  sinter  final  TiHA  component. 

The  vertebrae  were  prototyped  using  zp-1 1  powder  as  the  build  material  and  zp-07  as  the 
binder.  The  inter- vertebral  implant  was  prototyped  using  hydroxyapatite  powder  as  the  build 
material.  Both  the  vertebrae  and  the  implant  prototypes  were  post-processed  by  infiltrating  the 
model  with  molten  wax  and  polymer  resin  to  provide  additional  strength  after  the  printing.  The 
specifications  and  the  process  parameters  of  the  3D  Printing  are  listed  in  Table  3. 


Table  3 -3D  Printing  specifications  and  process  parameters 


Base  material  (powder) 

Hydroxyapatite  /  zp-1 1 

Binder 

zb-07 

Layer  thickness  (range) 

0.01”  to  0.0035” 

Binder  volume  (percentage  of  total  volume) 

Shell  /  Core 

Vertebrae:  14%  /  7% 

Implant:  14%/  14% 

Build  Speed 

1”  /  hour  along  z-axis 

Accuracy 

0.5%  along  X-Y  axes,  1%  along  Z-axis 

The  compacted  green  part  is  further  subjected  to  sintering  by  HIP  process.  The  HIP 
process  applies  heat  and  pressure  within  an  enclosed  vessel  to  consolidate  or  condense  materials 
such  as  castings.  Heat  is  introduced  via  molybdenum  resistance  elements  and  pressure  is 
supplied  by  high  pressure  pumps  forcing  argon,  an  inert  gas,  into  the  vessel.  As  the  heat  softens 
the  castings,  the  gas  pressure  exerts  a  force  equally  on  all  surfaces,  causing  the  porous  casting  to 
compress  to  full  density.  Crucibles  HIP  vessel  and  Molybdenum  resistance  furnaces  are  used  to 
provide  HIP  temperatures  ranging  from  900°F  to  2250°F  (1230°C)  for  different  metallic  alloys, 
at  a  gas  pressure  up  to  15,000  psi  (103  MPa).  In  the  attempt  to  sinter  TiHA  component,  the 
vacuum  glass  tubes  are  heated  to  a  temperature  of  1000  °C  with  a  pressure  of  14ksi  for  a  period 
of  4  hours  in  an  argon  atmosphere.  The  applied  temperature  profile  of  the  HIP  process  is  shown 
in  Figure  12. 

5.  Summary  and  Conclusion 

A  case  study  using  the  rapid  prototyping  technology  to  assist  in  the  design  and 
development  of  inter- vertebral  implants  for  spine  fusion  procedures  was  demonstrated.  The 
process  of  the  design  and  the  implant  development,  the  biological  and  mechanical  constraints, 
the  development  of  the  3D  reconstructive  anatomy  model  and  the  inter-vertebral  implant  CAD 
model,  and  the  application  of  the  models  with  integrated  finite  element  analysis  for  implant 
structural  analysis  were  presented.  3D  Printing  of  the  anatomy  model  and  the  implant  model. 
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along  with  the  prototyping  and  post  sintering  process  were  described.  The  application  of  the 
prototyping  model  in  assisting  in  the  inter-vertebral  anatomic  fitting,  in  guiding  the  implant's 
geometric  design,  and  in  helping  with  the  virtual  surgical  planning  was  demonstrated.  Based  on 
the  designed  implant  and  anatomic  models,  finite  element  analyses  were  conducted  to  understand 
the  implant's  mechanical  properties  and  structural  stability,  and  the  results  were  also  presented. 

We  were  able  to  generate  vertebral  anatomy  firom  CT  scanned  images  of  a  human  spine 
through  MIMICS.  MIMICS  was  also  used  to  edit  the  3D  images  and  to  measure  the  anatomic 
geometry  of  the  vertebrae  in  order  to  determine  the  key  dimensional  parameters  for  implant 
design.  An  stl  file  was  created  from  the  edited  image  to  make  a  prototype  of  the  spine  segment. 
Siuface  details  of  the  lumbar  vertebrae  were  accurately  modeled,  but  it  was  not  possible  to  model 
any  of  the  interior  details  (such  as  the  trabecular  bone)  due  to  the  inherent  precision  of  the  CT 
scanner. 


Figure  12:  Temperature  profile  in  HIP  process 

In  order  to  verify  the  anatomic  fitting  of  the  designed  inter-vertebral  implant,  we 
converted  the  Pro/E  implant  model  into  an  stl  format  and  input  it  into  MIMICS,  as  shown  in  the 
3D  rendered  image  in  Figure  5.  The  computer  simulation  of  the  positioning  and  the  placement  of 
the  designed  implant  with  the  patient’s  vertebrae  can  be  used  as  an  effective  tool  to  help 
surgeons  to  make  the  pre-operative  plan  and  to  practice  the  implantation. 

The  structural  analyses  were  performed  to  the  TiHA  implant  structure  by  using  Pro/M 
software.  It  was  found  that  the  maximum  stress  (297  MPa)  occurred  within  the  implant  under  the 
applied  loading  (2000  N),  This  value  was  below  the  strength  (375  MPa)  of  the  TiHA  implant. 
We  need  to  pointed  out  that  for  results  presented  in  the  analysis  and  comparison,  we  used  the 
mechanical  properties  of  the  composite  obtained  from  the  model  prediction,  not  from  the 
experimental  testing.  In  addition,  we  were  not  able  to  analyze  the  vertebral  anatomy  because  the 
CT  scanned  images  were  not  be  able  to  provide  the  interior  detail  of  the  trabecular  structure 
inside  the  vertebral  body.  Without  these  detail,  we  can  not  generate  the  needed  CAD  and  FEA 
models. 
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CUSTOM  FABRICATION  OF  HARD  TISSUE  RECONSTRUCTIVE 


FRAMEWORKS 
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Abstract 

The  feasibility  of  fabricating  custom  frameworks  for  tissue  regeneration  utilizing 
three-dimensional  inkjet  printing  technology  followed  by  slip  casting  was  investigated.  A 
CAD  solid  model  of  mold  was  created  with  structures  within  the  mold  cavity  to  provide 
variable,  customized  porosity  in  the  cast  framework.  The  polymer  mold  was  printed  using 
a  3D  ink-jet  printer.  The  mold  was  then  infiltrated  by  an  aqueous  suspension  of 
hydroxyapatite  to  produce  porous  frameworks  that  were  tested  for  mechanical  properties. 

Introduction 

Porous  materials  have  been  used  as  non-resorbable  intermediate  structures  for 
bone  repair  and  when  pore  size  is  properly  controlled  such  repairs  can  integrate  into  new 
bone,  even  permitting  the  development  of  vascularity  [1].  A  promising  approach  for  hard 
tissue  reconstruction  is  the  integration  of  a  custom  mechanical  framework  with  biological 
agents  to  promote  development  of  the  desired  tissue  [2].  Such  a  structure  must  have 
three  characteristics.  It  must  fit  the  patient,  thus  requiring  a  unique  structure  for  every 
repair.  It  must  have  specified  mechanical  properties  to  permit  proper  function  during 
regeneration.  Finally,  it  must  be  able  to  carry  the  required  precursor  cells  and/or  growth 
factors  and  direct  their  development.  Thus  it  will  require  a  controlled  internal  structure 
that  will  probably  not  be  uniform  if  it  is  to  guide  development  of  all  of  thesubcomponents 
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of  functioning  bone  or  cartilage.  These  requirements  make  solid  free  form  fabrication  the 
best  hope  for  cost  effective  fabrication  of  the  required  structures. 

Research  to  date  on  rapid  fabrication  of  tissue  frameworks  has  utilized  either 
selective  laser  sintering  [3],  laminated  object  manufacturing  [4]  or  fused  deposition 
modeling  [5].  In  each  case,  the  part  must  be  sintered  after  the  polymer  binders  are  burned 
out.  The  ink-jet  based  rapid  prototyping  technology  proposed  for  this  study  is  well  suited 
to  the  fabrication  of  precision  frameworks  for  reconstruction.  The  system  prints  a  layer  of 
build  material  using  an  ink-jet  head  and  maintains  accuracy  in  the  z-direction  by  milling  the 
layer  to  a  precise  height  before  the  next  layer  is  deposited.  The  result  is  one  of  the  most 
aecurate  and  affordable  commercially  available  solid  free-form  fabricatioBystem.  Models 
with  pore  feature  size  of  0.5  mm  repeatability  accurate  to  0.05  mm  have  been  produced. 
This  process  is  not  suitable  for  very  large  parts  that  may  be  required  in  orthopedic 
reconstruction,  but  it  is  capable  of  producing  many  of  the  common  components  needed  for 
maxillofacial  work. 

In  this  work,  a  CAD  solid  model  of  a  mold  is  built  with  the  innersurface  created 
using  imported  surface  data  from  a  CT  scan.  Structures  are  created  within  the  mold  cavity 
to  provide  variable,  customized  porosity  in  the  cast  framework.  The  polymer  mold  is 
printed  using  a  3D  ink-jet  printer.  The  mold  is  then  infiltrated  by  an  aqueous  suspension  of 
hydroxyapatite  mixed  with  binder.  The  part  is  dried  then  processed  in  an  oven  to  bum  out 
the  polymer  binder  and  then  sintered  to  produce  porous  framework. 

The  ability  of  tissue  growth  into  the  framework  is  requires  a  well  connected  network  of  macropores. 

A  number  of  different  designs  for  the  internal  geometry  were  considered.  A  repeated  hexagonal 
pattern  of  axial  cylinders  interconnected  like  a  honeycomb  was  found  to  give  the  most  uniform 
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mesh  as  shown  in  Figure  1.  The  pattern  is  repeated  at  uniform  axial  increments  throughout  the 
structure.  Cross  section  sizes  ranging  from  0.25  mm^  to  0.7  mm^  were  used,  the  smaller  sections 
showing  a  higher  rate  of  damage  in  processing.  These  structures  in  the  wax  mold  will  provide 
predictable  sized  pores  in  the  cast  structure. 


Figure  1.  CAD  model  of  mold  with  internal  structure 

Processing 

Hydroxyapatite  powder  (Aldrich)  was  mixed  with  water  and  compressed  to  form  coupons. 
Samples  of  the  coupons  were  analyzed  in  a  differential  thermal  analyzer  (DTA). 

The  graph  in  Figure  2  shows  the  decrease  in  weight  of  the  sample  as  the 
temperature  increases.  The  initial  downward  slope  is  attributed  to  the  loss  of  water  from 
the  specimen  up  to  600C. 
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Figure  2.  DTA  weight  loss  analysis  of  HA 


The  graph  in  Figure  3  shows  the  temperature  difference  of  the  sample  from  the 


control  pan  in  the  chamber  due  to  exothermie  or  endothermic  processes.  This  shows  that 


the  loss  of  the  water  can  be  completed  at  below  600C,  but  that  the  sintering  temperature 


can  be  set  below  1200C. 


Figure  4.  DTA  weight  loss  analysis  of  HA  with  binder 


Figure  5.  DTA  temperature  analysis  of  HA  with  binder 


Figures  4  and  5  show  the  corresponding  graphs  for  hydroxyapatite  mixed  withDuramax 


B-1020  binder.  Figure  4  shows  the  loss  of  water  from  the  specimen  at  500C.  The  graph  in 
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Figure  5  shows  binder  is  burnt  off  at  700C.  This  establishes  the  bum  off  temperature  at 
600C  followed  by  sintering  at  1 1 OOQ  thus  the  temperatures  for  processing  the  specimens 
have  been  identified. 

Molds  with  the  outer  body  of  the  mold  and  the  internal  structures  for  the  pores  all 
in  one  piece  were  built  using  the  Sanders  ink-jet  printing  machine.  Hydroxylapatite 
powder  was  combined  with  Duramax  B-1 020  organic  binder  and  water  to  make  a  slurry. 
The  slurry  was  poured  into  the  mold  and  the  water  allowed  to  seep  out  of  the  base  to  form 
solid  ceramic  specimens. 

The  specimens  fabricated  above  were  all  found  to  have  cracks  and  internal  cavities.  These 
make  compression  strength  tests  unreliable.  The  cause  of  these  defects  appears  to  be 
uneven  drying.  Experimentation  to  eliminate  these  defects  by  modifying  the  binder  content 
and  controlling  the  humidity  is  continuing. 

SEM  scans  of  the  surface  reveal  as  shown  in  Figure  6.that  the  sintering  process 
leads  to  relatively  smooth  surfaces.  This  may  indicate  that  the  surface  needs  to  be  etched 
to  create  micropores  to  enhance  osteoinductivity. 


Figure  6.  SEM  picture  of  part  surface  4000X  magnification 
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Conclusion 


The  results  of  the  studies  conducted  this  year  suggest  that  we  can  design  molds  for 
frameworks  with  specified  pore  size  and  distribution  in  a  CAD  system.  These  molds  can 
be  fabricated  using  ink-jet  printing  rapid  prototyping  technology.  The  materials  to  be 
used  for  casting  of  the  frameworks  in  these  molds  have  been  selected  and  analyzed  to 
identify  the  processing  temperatures. 
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ABSTRACT 

Rapid  prototyping  of  dental  restoration  has  been  investigated  for  its  potential  to  save  time 
and  cost.  In  this  paper,  a  powder  delivery  system  was  developed  to  deliver  dental  porcelain 
powder  accurately  into  2-D  shapes  for  dental  restoration.  Aqueous  suspension  of  the  porcelain 
was  prepared  as  the  vehicle  for  the  powder  delivery.  An  integrated  dry  and  wet  ball-milling 
process  was  developed  to  reduce  the  particle  size  and  minimize  agglomeration.  The  reduction  in 
particle  size  and  minimization  of  agglomeration  increased  the  suspension  stability.  The 
optimization  of  the  pH  value  of  the  suspension  also  provided  an  additional  means  to  achieve  the 
stability  and  reduce  the  viscosity  of  the  suspension.  With  the  optimization  of  the  particle  size,  pH 
value  and  solid  concentration  in  the  suspension,  desired  powder  shapes  were  successfully 
delivered. 

Key  word:  Rapid  prototyping,  dental  restoration,  powder  delivery,  ball  milling. 


INTRODUCTION 

There  are  currently  more  than  10,000  dental  laboratories  in  the  US  and  a  majority  of 
these  laboratories  use  porcelain-fused-to-metal  (PFM)  restoration  for  permanent  fixed 
prosthodontics.  PFM  restoration  is  a  very  time  consuming  and  labor  intensive  work  because 
PFM  restoration  requires  a  multi-stage  process  using  multiple  materials  (both  ceramics  and 
metals)  and  each  stage  involves  multiple  processing  steps  [1].  For  example,  it  normally  takes  2-4 
weeks  to  make  a  three-xmit  bridge  and  labor  costs  account  for  about  90%  of  the  final  cost.  This 
study  is  part  of  an  overall  effort  to  develop  a  novel  multi-materials  laser  densification  (MMLD) 
process  for  dental  restorations  [1-3].  This  process  utilizes  laser-assisted  solid  freeform 
fabrication  (SFF)  to  fabricate  artificial  dental  units  layer-by-layer  directly  from  a  computer 
model  without  part- specific  tooling  and  human  intervention.  As  such,  the  labor  cost  will  be 
substantially  reduced,  and  better  and  faster  dental  restorations  will  be  achieved. 

One  of  the  key  issues  in  the  MMLD  process  is  to  deliver  dental  alloy  and  porcelain 
powders  to  the  desired  locations  precisely  and  accurately  point  by  point,  line  by  line  and  layer  by 
layer.  Point-by-point  and  line-by-line  powder  deliveries  are  essential  because  there  are  multiple 
materials  involved  in  a  single  plane  for  dental  restorations.  This  study  focuses  on  how  to  delivery 
dental  porcelain  powder  precisely  and  accurately  to  the  desirable  locations  in  point,  line  and 
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layer  forms  before  laser  densification  of  these  delivered  powder  shapes.  Powder  suspension  and 
paste  have  been  selected  as  the  vehicles  to  deliver  dental  powders  because  wet  suspensions  and 
pastes  provide  a  better  control  on  the  shape  of  the  powder  compact  delivered  than  a  dry  powder 
does.  Effects  of  the  particle  size,  the  pH  value  of  the  suspension  and  the  concentration  of  solids 
in  the  suspension  on  powder  delivery  have  been  investigated.  The  results  are  presented  below. 


EXPERIMENTAL 

The  dental  porcelain  powder  was  provided  by  Degussa-Ney  Dental  Inc.,  Bloomfield,  CT. 
The  chemical  composition  of  the  porcelain  is  confidential;  however,  it  is  within  5%  of  the 
nominal  composition  of  the  Weinstein  patent  [4],  which  has  the  following  composition  (wt%); 
63.40%  Si02,  16.70%  AbOs,  1.50%  CaO,  0.80%  MgO,  3.41%  Na20,  and  14.19%  KzO.  The 
typical  morphology  and  microstructure  of  the  porcelain  powder  are  shown  in  Figure  1 .  It  can  be 
seen  that  the  as-received  powder  has  angular  shapes  and  their  equivalent  particle  sizes  range 
from  1  to  50  micrometers.  To  reduce  the  size  of  the  porcelain  powder,  ball-milling  process  was 
conducted  using  a  SPEX  8000  mill  machine.  The  vial  and  balls  for  the  ball  milling  process  were 
all  made  of  alumina,  and  thus  the  alumina  concentration  in  the  milled  powder  could  be  slightly 
higher  than  that  of  the  original  powder  should  wear  of  the  alumina  vial  and  balls  take  place 
during  the  milling.  The  weight  ratio  of  the  powder  to  alumina  balls  was  2.5  in  all  of  the  ball 
milling  experiments. 


Fig.  1  ESEM  image  of  the  as-received  dental  Fig.  2  ESEM  image  of  the  porcelain  powder 


porcelain  powder.  after  5  hours  of  dry  ball  milling. 

Both  the  as-received  and  milled  powders  were  used  to  prepare  suspensions  with  de¬ 
ionized  water  as  the  liquid  media.  The  suspensions  prepared  were  subjected  to  the  viscosity 
measurement  and  suspension  delivery  evaluation.  The  porcelain  suspension  was  delivered  using 
a  dental  restoration  machine  made  in  our  laboratory.  The  machine  contains  a  X-Y-Z  table 
controlled  by  a  computer  through  a  DMC-1800  Galil  Motion  control  card  The  suspension  was 
held  in  a  barrel  at  the  end  of  which  there  was  a  nozzle  for  suspension  delivery.  The  diameter  of 
the  nozzle  can  be  changed  for  the  evaluation  of  the  nozzle  size  effect.  The  sizes  of  the  delivered 
powder  suspension  points  and  lines  were  measured  and  compared  to  the  nozzle  diameter. 
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Both  the  as-received  and  milled  porcelain  powders  were  characterized  using  an 
environmental  scanning  electron  microscope  (Philips  ESEM  2020)  to  obtain  the  morphology  and 
size  of  the  powders.  Analysis  of  the  specific  surface  area  of  the  powder  was  conducted  using 
nitrogen  adsorption  based  on  the  Braunauer-Emmett-Teller  (BET)  theory  (Quantachrome  NOVA 
1000).  The  viscosity  of  the  porcelain  suspension  was  determined  using  a  Brookfield  DV  II  digital 
viscometer.  The  zeta  potential  of  the  suspension  was  measured  in  the  National  Science 
Foundation  Engineering  Research  Center  for  Particle  Science  and  Technology  at  the  University 
of  Florida  using  a  Zeta-Reader  instrument. 


RESULTS  AND  DISCUSSION 

1.  Effect  of  Ball-Milling  Process  on  Porcelain  Powder 

As  shown  in  Figure  1,  the  as -received  porcelain  particles  are  substantially  larger  than  1 
fim  and  thus  not  suitable  for  preparing  stable  colloidal  suspensions.  To  achieve  a  stable  colloidal 
suspension,  the  size  of  solid  particles  normally  needs  to  be  smaller  than  or  about  1  |im.  Thus, 
ball  milling  was  investigated  in  this  study  for  its  potential  to  reduce  the  porcelain  powder  size. 
Figure  2  shows  the  ESEM  image  of  the  porcelain  powder  after  5  hours  of  dry  ball  milling.  When 
compared  with  the  as-received  powder,  the  size  of  porcelain  particles  has  been  significantly 
reduced  by  the  ball  milling  process.  After  5  hours  of  dry  milling  most  of  the  particles  are  smaller 
than  5  ftm,  whereas  20  |Xm  particles  are  very  common  in  the  as-received  powder.  The  specific 
surface  area  of  the  porcelain  powder  as  a  function  of  the  time  of  dry  milling  is  shown  in  Figure  3. 
As  expected,  the  specific  surface  area  of  the  porcelain  powder  increases  with  milling  time.  At  8 
hours  of  milling,  the  specific  surface  area  has  increased  8  times  over  the  as-received  powder, 
suggesting  that  the  average  particle  size  has  been  reduced  to  about  1/3  of  the  original. 


Fig.  4  Particle  agglomeration  in  the  porcelain 
powder  with  2  hours  of  dry  milling. 


It  is  also  noted  from  Figure  3  that  the  increase  rate  of  the  specific  surface  area  becomes 
smaller  after  1.5  hours  of  milling.  Detailed  SEM  examination  of  the  milled  powder  reveals  that 
the  reduced  rate  for  increasing  the  specific  surface  area  is  related  to  powder  agglomeration 
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during  ball  milling.  Powder  agglomeration  will  degrade  the  efficiency  of  the  comminution 
process  and  is  highly  undesirable.  It  is  also  found  that  powder  agglomeration  becomes  obvious  at 
about  2  hours  of  milling,  coinciding  with  the  time  for  changing  the  increase  rate  of  the  specific 
surface  area  shown  in  Figure  3.  A  typical  morphology  of  powder  agglomeration  observed  in  the 
powder  with  2  hours  of  dry  milling  is  shown  in  Figure  4.  Clearly,  to  improve  the  milling 
efficiency  powder  agglomeration  during  milling  should  be  avoided. 

In  order  to  overcome  the  agglomeration  problem  and  obtain  a  well-dispersed  suspension, 
wet  ball-milling  process  was  also  investigated.  De- ionized  water  was  used  as  the  liquid  media  for 
the  wet  milling  process.  Figure  5  shows  the  typical  morphology  of  the  porcelain  powder  after  5 
hours  of  wet  milling.  It  can  be  seen  that  there  is  no  agglomeration;  however,  the  particle  size  is 
larger  than  that  of  the  powder  dry  milled  for  5  hours  (Figure  2).  This  is  consistent  with  the  well 
established  phenomenon  that  wet  milling  is  less  efficient  in  particle  size  reduction  than  dry 
milling  [5,6].  In  order  to  utilize  the  advantages  of  both  dry  milling  and  wet  milling,  we  have 
developed  an  integrated  dry  and  wet  milling  process  in  which  the  porcelain  powder  is  dry  milled 
for  several  hours  (e.g.,  2  to  4  hours)  and  subsequently  wet  milled  for  1  hour.  In  such  integrated 
milling  process,  the  dry  milling  at  the  early  stage  of  the  process  reduces  the  particle  size  while 
the  wet  milling  at  the  later  stage  of  the  process  breaks  down  agglomerates  and  produces  a  well 
dispersed  suspension.  This  expectation  was  confirmed  by  experiments.  Furthermore,  the 
suspension  prepared  from  the  integrated  milling  process  was  much  more  stable  than  without 
milling  or  with  dry  milling  only  because  the  suspension  from  the  integrated  milling  process  has 
fine  particles  and  few  or  no  agglomerates. 


Fig.  5  Morphology  of  the  porcelain  powder  after  wet  milling  for  5  hours. 


2.  Influence  of  pH  Value  on  the  Stability  and  Viscosity  of  Porcelain  Suspension 

The  stability  of  a  colloidal  suspension,  according  to  the  DLVO  theory  [7],  is  determined 
by  the  balance  between  the  repulsive  and  attractive  forces  which  particles  experience  as  they 
approach.  The  repulsive  force  depends  on  the  degree  of  double  layer  overlap.  It  has  long  been 
recognized  that  the  zeta-potential  is  a  good  index  of  the  magnitude  of  the  repulsive  interaction 
between  particles.  Figure  6  shows  the  zeta  potential  versus  pH  value  curve  of  the  porcelain 
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powder  suspension.  It  indicates  that  the  iso-electric  point  (i.e.p.)  of  the  dental  porcelain  powder 
is  at  about  5.0.  It  is  interesting  to  note  that  this  number  falls  between  the  i.e.p.  of  AbOa  and  Si02. 
The  i.e.p.  of  AhOa  is  at  8.7  [8],  whereas  SiOa  at  2.0  [9].  Since  AbOa  and  SiOa  are  the  main 
components  of  the  dental  porcelain  [4],  the  zeta-potential  of  the  porcelain  powder  appears  to  be 
controlled  by  a  combined  interactive  effect  of  these  two  compounds. 

According  to  “Eilers  and  Korff  Rule”,  the  onset  of  instability  of  a  suspension  is 
associated  with  a  rapid  decrease  in  the  value  of  the  function  Zeta  potential;  K:  Debye- 

Huckel  parameter).  It  can  be  derived  from  Figure  6  that  between  pH  value  4  and  6,  will  have 
a  rapid  decrease  in  the  value;  thus,  coagulation  of  the  particles  in  the  suspension  will  happen 
quickly  in  this  pH  range,  leading  to  an  unstable  suspension.  For  suspensions  with  pH<  3  or  pH> 
6,  the  zeta  potential  of  the  porcelain  powder  changes  slowly  and  the  surface  of  powder  particles 
is  mainly  positive  charged  (for  pH<  3)  or  negative  charged  (for  pH>  6),  which  results  in  relative 
large  repulsive  forces  between  particles  and  thus  stable  suspensions. 


Zeta  potential  of  dental  porcelain 
powder 


pH  value 


Fig.  6  Zeta  potential  of  the  dental  porcelain  powder 
as  a  function  of  pH  value. 
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Fig.  7  Viscosity  change  of  the  porcelain  suspension 
with  pH  value  (8  vol%  solid). 


Measurement  of  the  suspension  viscosity  was  also  consistent  with  the  finding  of  the  zeta 
potential  measurement.  Shown  in  Figure  7  is  the  viscosity  of  the  8  vol.%  porcelain  powder 
suspension  as  a  function  of  the  pH  value.  Note  that  the  viscosity  of  the  suspension  peaks  in  pH 
range  3-6,  consistent  with  the  zeta  potential  curve  that  predicts  the  possible  coagulation  in  pH 
range  3-6.  Low  viscosity  of  the  suspension  will  translate  into  high  flowability  which  makes  the 
suspension  easy  to  deal  with  in  powder  delivery  process.  Furthermore,  the  suspension  with  pH< 
3  or  pH>  6  has  relatively  good  stability  and  thus  a  long  shelf  life.  Since  the  suspension  with  pH 
range  7-10  has  lower  viscosities  than  the  suspension  of  pH<  3,  the  suspension  with  pH  range  7 
-  10  has  been  selected  for  further  powder  delivery  investigation.  An  additional  advantage  using 
the  suspension  with  pH  range  7  —  10  over  pH<  3  is  less  corrosiveness  offered  by  the  suspension 
with  pH  range  7  -  10. 

3.  Delivery  of  Dental  Porcelain  Suspension 

Delivery  of  dental  porcelain  suspension  was  done  using  an  in-house  designed  machine 
that  contains  a  X-Y-Z  table  and  a  barrel  used  for  holding  the  suspension  (Figure  8(a)).  At  the  end 
of  the  barrel  there  is  a  nozzle  the  diameter  of  which  can  be  changed  for  the  evaluation  of  the 
nozzle  size  effect.  The  delivery  of  the  suspension  is  controlled  by  combined  effects  of  the  surface 
tension  and  the  gravity  of  the  suspension.  When  the  nozzle  touches  the  substrate,  the  suspension 
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flows  out  of  the  nozzle;  otherwise,  the  suspension  will  be  held  within  the  nozzle  by  the  surface 
tension  of  the  suspension.  It  was  found  that  successful  delivery  of  dental  porcelain  suspensions 
by  the  aforementioned  machine  and  mechanism  relied  on  the  proper  selection  of  the  solid 
concentration  and  pH  value  of  the  suspension,  the  particle  size  of  the  powder,  and  the  diameter 
of  the  nozzle.  Large  particles,  small-diameter  nozzles  and  high  viscosity  suspensions  typically 
resulted  in  gradual  blockage  of  the  nozzle  and  eventually  cessation  of  the  suspension  delivery 
process. 

Figure  8(b)  shows  the  porcelain  suspension  delivered  in  several  2-D  shapes.  The 
suspension  shown  in  Figure  8(b)  had  a  pH  value  of  10  and  a  solid  loading  of  20  vol.%.  The 
diameter  of  the  nozzle  used  was  0.5  mm.  One  of  the  determining  factors  for  the  dimensional 
accuracy  of  dental  restoration  is  the  accuracy  of  the  suspension  delivery  which,  in  turn,  is 
determined  by  the  smallest  point  and  line  that  can  be  delivered.  The  present  study  has  revealed 
that  the  smallest  point  and  line  that  can  be  delivered  are  affected  by  many  factors.  The  key 
factors  include  the  nozzle  size,  the  viscosity  and  the  flowability  of  the  suspension.  The  smallest 
point  that  can  be  delivered  now  is  0.5  -  0.8  mm  as  showed  in  the  middle  and  right  bottom  of 
Figure  8(b).  On  the  upper  left,  two  suspension  lines  were  formed  by  delivering  30  individual 
points  in  each  line  with  30%  overlap  between  the  neighboring  points.  On  the  upper  right,  a 
square  shape  was  formed  by  delivering  121  points  in  11  lines  with  no  overlap  between  the 
neighboring  points.  Thus,  the  width  and  thickness  of  a  single  line  can  be  adjusted  in  the  current 
delivery  method  by  controlling  the  overlapping  distance  between  the  neighboring  points. 


Figure  8.  (a)  porcelain  suspension  delivery  system,  and  (b)  2-D  samples  delivered. 


CONCLUSIONS 

A  delivery  process  of  dental  porcelain  powder  has  been  developed  using  a  suspension 
approach  The  well-dispersed  porcelain  suspension  is  obtained  by  a  newly  developed  milling 
process  that  integrates  dry  and  wet  milling  processes.  The  dry  milling  at  the  early  stage  of  the 
integrated  process  effectively  reduces  the  particle  size,  whereas  the  wet  milling  at  the  later  stage 
of  the  integrated  process  breaks  down  agglomerates  and  produces  a  stable  suspension.  The 
viscosity  of  the  suspension  strongly  depends  on  the  pH  value  of  the  suspension.  Low  viscosity 
suspensions  are  obtained  when  pH  is  about  10,  which  coincides  with  the  pH  value  for  obtaining 
stable  suspensions  as  predicted  by  the  zeta  potential  measurement.  Low  viscosity  and  stable 
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suspensions  are  beneficial  for  suspension  delivery.  This  is  especially  true  when  very  small  points 
and  lines  are  to  be  delivered.  Without  low  viscosity  and  stable  suspensions  the  nozzle  for 
delivering  suspensions  will  be  gradually  blocked  and  eventually  cease  to  function.  The  smallest 
point  delivered  that  has  been  achieved  in  this  study  is  about  0.5  mm  in  diameter. 
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Abstract 

The  design  of  a  ID  gradient  component  satisfying  a  particular  set  of  constraints  is  extended  to  its 
manufacturing  on  a  multi-material  capable  apparatus.  The  geometry  and  composition  of  this  flywheel  were 
designed  to  meet  a  bi-objective  optimum  featuring  maximum  kinetic  energy  storage  and  minimal  maximum 
von-Mises  stress  along  its  radius.  The  efforts  expanded  during  the  transformation  of  this  design  from  a 
computer  abstraction  into  a  tangible  object  are  presented.  The  process-planning  step  of  the  manufacturing 
of  this  heterogeneous  solid,  which  was  dependent  on  the  specifics  of  a  LENS-based  Apparatus,  required  a 
different  approach  than  that  of  traditional  solids,  and  proved  critical  during  fabrication. 

Introduction 

Recent  advances  (Swann  T.A.,  Keicher  D.M.  et  al.  1998)  in  the  direct  deposition  of  metals  have 
enabled  the  manufacture  of  gradient  structures  and  functional  materials  to  provide  exciting  new  alternatives 
for  the  design  of  components.  Akin  to  composites  and  carbon  fibers,  these  new  processes  allow  the  strength 
and  other  functional  features  of  a  particular  material  to  be  used  exactly  where  they  are  needed  within  that 
component,  and  evade  the  tradeoffs  that  are  normally  made  when  a  particular  material  is  chosen.  For 
example,  in  the  design  of  a  turbine  blade,  one  might  find  the  limited  mechanical  properties  of  a  ceramic  to 
be  problematic  in  areas  where  mechanical  strength  would  prevail  over  thermal  properties.  Conversely,  in 
that  same  blade,  the  thermal  properties  of  a  titanium  alloy  might  limit  its  usefulness  in  areas  exposed  to 
very  high  temperatures.  Using  a  carefully  designed  mix  of  both  ceramics  and  titanium  throughout  ihc  blade 
may  provide  an  adequate  solution  to  this  problem  should  the  two  materials  coexist.  (Konig  and  Fadel, 
1999) 

When  a  part  is  designed  from  its  inception  as  being  composed  of  multiple  materials,  the  repartition 
of  the  material  within  this  solid  can  be  selected  using  optimization  tools  such  as  genetic  algorithms 
((Goldberg,  1989),  (Hajela,  1992),  (Konig,  1999),  (Huang  and  Fadel  1999)).  Most  optimization  tools  rely 
on  a  discretization  of  the  geometric  domain  into  smaller  domains  where  the  material  composition  can  be 
changed.  The  difficulty  in  choosing  a  particular  material  distribution  grows  with  the  material  space 
available  for  each  subdomain. 

From  the  optimization  standpoint,  every  design  variable  input  to  an  optimization  problem  seeks  a 
best  value  for  a  mechanical  or  thermal  property  given  a  particular  objective  to  attain  (for  example:  smallest 
deformation  and  lightest  structure.)  The  mapping  between  this  property  (mechanical  or  thermal)  and  a 
material  composition  is  simplified  to  be  of  a  linear  nature:  a  part  made  fi-om  50%  Copper  and  50%  Steel 
has  a  strength  that  is  in  the  same  proportions  than  that  of  its  composition,  in  that  case  50%  of  Copper 
strength  added  to  50%  of  Steel  strength.)  Other  mixing  rules  are  currently  under  investigation  to  fully 
enable  the  resolution  of  the  inverse  problem  (Huang,  2000),  Grujicic  et  al.,  2001.) 

Heterogeneous  Flywheel  Optimization 

A  flywheel  is  a  mechanical  component  that  stores  kinetic  energy.  The  mass  distribution  of  a 
flywheel  around  its  axis  of  revolution  impacts  its  capacity  to  store  kinetic  energy.  A  high-energy  storage  is 
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typically  attained  whenever  the  mass  is  distributed  as  far  as  possible,  from  the  axis  of  revolution  (e.g.  on 
the  circumference  of  the  flywheel.)  Huang  (Huang  and  Fadel,  1999)  proposed  a  novel  approach  to  the 
design  of  a  flywheel:  essentially,  since  this  is  a  solid  of  revolution,  the  problem  is  reduced  to  the  design  of 
its  cross  section.  The  geometry,  along  with  the  composition  in  a  cross  section  is  designed  by  blending  two 
materials  with  opposed  properties  (high  strength/low  weight  and  low  strength/high  weight). 

The  design  is  therefore  treated  as  an  optimization  problem;  with  the  following  objectives: 

•  Maximize  kinetic  energy  stored, 

•  Minimize  maximal  von-Mises  equivalent  stress, 

The  following  constraints  limit  the  design: 

•  Dimensional  constraints  (maximum  height,  internal  and  external  radius.) 

The  composition  is  represented  by  way  of  the  volume  fractions  of  Material  A  with  respect  to 
Material  B.  The  geometry  and  the  composition  are  represented  using  parametric  equations  featuring  Bezier 
blending  functions: 


=  -B-iu) 
/=0 

/=0 
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The  r,  are  set  and  represent  the  location  of  the  control  points  along  the  radius  for  the  geometry  and 
the  composition,  Z/  and  Vj  respectively.  Both  the  Z/  and  V;  represent  the  design  variables.  The  optimizer 
computes  the  optimum  values  for  all  2(n+l)  design  variables,  and  attempts  to  meet  the  objectives  presented 
earlier.  The  study  investigated  both  continuous  and  discrete  material  variations.  For  the  purposes  of  this 
study,  the  gradient  material  distribution  was  emulated. 

The  materials  selected  are  tungsten-carbide  (heavy/low  strength)  and  cobalt  (light/high  strength.) 
22  control  points  are  chosen,  and  a  sample  result  is  presented  on  Figure.  1 . 
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Figure  1.  Optimal  Geometry  and  Composition  for  a  Heterogeneous  Flywheel 
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The  composition  at  each  point  is  defined  by  the  volume  fractions  of  Material  A  and  Material  B. 
The  previous  relation  permits  to  compute  the  composition  at  any  point  based  on  the  composition  at  every 
control  point.  Again,  the  control  composition  at  each  node  can  be  computed  by  sampling  the  control 
composition  curves,  and  by  using  the  sampled  points  as  node  points  to  perform  interpolation.  Similarly  to 
the  geometrical  interpolation,  the  control  composition  can  be  used  directly  in  lieu  of  the  node  points,  and 
the  Bezier  blending  function  can  be  used  as  material  blending  function.  The  cross  section  generated  so  is 
presented  on  Figure  2. 
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Figure  2.  MMa-Rep  of  Heterogeneous  Flywheel  Using  Bezier  Interpolation 

In  that  particular  case,  and  because  the  optimization  was  performed  directly  using  Bezier  control 
points,  it  is  suitable  to  use  Bezier  blending  functions  for  both  the  geometry  and  the  material  composition. 
For  more  general  cases,  both  the  profile  curve  and  the  material  composition  must  be  sampled,  and  the 
sampled  points  can  be  used  as  node  points  in  the  in  a  more  general  type  of  multimaterial  representations 
(MMa-Rep)  presented  in  (Morvan  S.  2001). 

Manufacturing 

The  graded  structure  is  made  of  two  different  materials:  Cobalt  (light/strong)  and  Tungsten 
Carbide  (heavy/weak).  The  two  sets  of  design  variables  are  optimized  concurrently,  generating  the  profile 
shown  earlier.  This  profile  is  then  manually  refined  to  exhibit  the  gradient  capabilities  available  on  the 
LENS  apparatus  by  enclosing  the  tungsten-carbide  located  on  the  periphery,  within  a  coating  of  the  cobalt 
material  to  make  it  a  2D  Material  distribution  (in  the  r  and  z  direction.)  This  coating  is  achieved  gradually 
on  the  outer  surfaces,  as  show  on  Figure  3.  Furthermore,  to  provide  visual  evidence  of  the  graded  structure, 
the  constituent  materials  are  changed  from  cobalt  to  320  stainless  steel,  and  from  tungsten-carbide  to 
copper  coated  nickel.  The  inclusion  of  a  secondary  material  within  the  outer  part  of  the  flywheel  is  then 
more  evident  in  a  polished  cross  section  (Figure  4.) 
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Top:  Original  Design 
Bottom:  Modified  Design 


Figure  3.  Original  and  Modified  Flywheel  Design 

The  polished  cross  section  shows  cavities  (white  spots)  that  result  from  the  insufficient  melting  of 
the  powder  mix.  Those  cavities  are  grains  of  powder  trapped  in  the  molten  material  that  were  removed 
during  the  polishing  of  the  cross  section.  This  porosity  can  be  controlled  and  practically  eliminated  if  the 
system  parameters  (laser  power,  speed,  powder  size,  powder  massflow  rate)  are  appropriately  selected  and 
modulated  as  a  function  of  the  material  properties.  Since  the  purpose  of  this  work  was  to  show  feasibility, 
these  issues  were  not  stressed. 


Figure  4.  Cross  Section  of  the  Gradient  Flywheel 


Furthennore,  from  Figure  4  and  Figure  5,  it  is  observed  that  the  geometrical  accuracy  is  not 
adequate  as  most  of  the  geometrical  features  are  roughly  approximated.  However,  on  well  calibrated 
machines,  the  geometrical  accuracy  is  less  of  a  problem,  as  can  be  seen  (Figure  5.)  This  part  shows 
excellent  (and  uniform)  accuracy  and  improved  surface  finish  when  building  is  achieved  on  a  well- 
configured  LENS  apparatus.  The  constant  orientation  hatch  pattern  and  the  single  material  greatly 
contribute  to  these  improvements. 


556 


Figure  5.  Exterior  View  of  the  Gradient  Flywheel 


The  technology  used  for  the  control  of  the  material  composition  does  not  allow  alteration  of  the 
powder  mix  within  a  single  laser  stroke.  Thus,  for  the  deposition  of  a  set  material  composition,  the  powder 
mix  was  altered  ahead  of  the  actual  deposition  phase.  The  time  taken  to  alter  the  material  composition  at 
the  nozzle  is  about  2  or  3  orders  of  magnitude  of  the  time  required  to  move  the  head  of  the  apparatus  to 
another  location.  Therefore  the  material  composition  is  changed  infrequently  to  minimize  the  performance 
hit  on  manufacturing  time,  and  conversely,  laser  strokes  of  similar  compositions  are  generated  in  sequence. 

In  its  current  form,  the  LENS  manufacturing  process  is  akin  to  a  plotter  capable  of  using  a  set  of 
inks  mixed  upward  from  the  pen.  Thus,  depositing  the  material  is  a  combination  of  four  basic  operations, 
comparable  to  pen  up,  pen  down,  pen  color  and  pen  move  operations: 

•  A  pen  up  operation  consists  of  shutting  the  laser  off, 

•  A  pen  down  operation  consists  of  turning  the  laser  on, 

•  A  pen  color  operation  consists  of  altering  the  material  composition  by  modifying  the  powder  mix, 

•  A  pen  move  operation  consists  of  moving  the  laser  to  a  new  location. 

Flywheel  File  Preparation 

For  single  material  parts,  the  traditional  process  planning  stage  of  the  LENS  apparatus  is 
essentially  to  use  an  .STL  file  representing  the  geometry,  slice  it  using  adaptive  slicing,  and  convert  the 
slice  file  in  a  set  of  instructions  used  to  program  the  controlling  apparatus  (termed  a  .DMC  file.)  The 
heterogeneous  nature  of  this  flywheel  does  not  permit  its  representation  in  the  .STL  format  (it  assumes 
single  material,)  therefore  the  conversion  from  .STL  to  slice  file  is  not  possible.  The  .DMC  file  is  instead 
created  directly  from  the  representation  presented  earlier. 

The  selection  of  the  hatching  pattern  is  immediately  resolved  by  observing  that  the  constant 
composition  paths  are  made  of  concentric  rings. 

Once  the  hatching  space  (0.015  in.)  and  layer  thickness  are  selected  (0.010  in.),  the  profile  is 
sampled  in  both  r  and  z  direction  for  composition.  The  rings  are  then  sorted  by  z-height,  by  composition 
and  finally  by  decreasing  radii.  Thus,  within  a  given  slice,  rings  of  similar  composition  are  deposited  at 
once,  minimizing  travel  time  of  the  head.  A  flowchart  of  the  essential  steps  is  presented  on  Figure  6. 


Figure  6.  Flywheel  File  Preparation  Flowchart 

For  rings  of  different  composition,  the  effects  of  composition  change  are  somewhat  damped,  since 
the  transient  states  that  incurred  in  the  powder  feeding  apparatus  are  only  between  neighboring  states  and 
exclusively  monotonic  (e.g.  the  compositions  vary  from  W-90  to  15-85,  to  20-808l  in  %  volume  fractions 
of  320  stainless  steel  and  copper-coated  nickel  respectively.)  A  20  ms  wait  was  sufficient  between 
adjustments  to  assume  that  a  steady  state  was  reached  in  the  powder  feeder.  A  first  trial  revealed  that  as  the 
deposition  head  repeatedly  waits  for  the  powder  feeder  to  reach  a  steady  state  at  the  same  location,  material 
was  also  being  deposited  at  the  latter,  producing  undesired  ridges.  The  creation  of  the  .DMC  file  was  then 
modified  to  randomize  the  starting  and  ending  angles  used  to  create  the  rings,  thus  alleviating  the  possible 
buildup  of  material. 
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Figure  7.  Undesired  Buildup 


Conclusion 

The  manufacturing  of  a  graded  structure  on  a  LENS  Apparatus  was  accomplished.  This  approach 
was  novel  in  that  the  process  planning  stage  had  to  be  modified  to  accommodate  for  the  gradient  nature  of 
the  part,  thus  outlining  a  new  set  of  manufacturing  constraints.  Although  many  factors  influenced  the 
fabrication  of  this  part,  they  were  essentially  centered  around  the  choice  on  the  hatching  pattern,  which 
actually  fills  the  material  inside  the  contours  of  the  part: 

On  single  material  capable  rapid  prototyping  machines,  such  as  the  3D  System  SLA-250  series, 
the  hatch  patterns  aims  at  minimizing  laser  shut  offs  and  minimizing  build  time. 

On  multimaterial,  gradient-capable  apparatus,  the  hatch  pattern  is  subject  to  a  different  set  of 
constraints,  due  to  the  material  composition  changes.  On  the  LENS  apparatus,  there  is  a  penalty  for  altering 
the  material  composition.  A  possible  solution  to  that  is  to  create  a  deposition  sequence  featuring  strokes  of 
similar  composition. 

As  knowledge  about  the  quality  of  the  materials  being  manufactured  is  gained,  this  set  of 
constraints  will  be  expanded  further.  Issues  such  as  thermal  constraint  buildup,  resulting  from  overheating 
of  previously  deposited  layers  might  generate  other  compelling  reasons  to  drastically  alter  conventional 
hatch  patterns,  as  the  thermal  constraint  buildup  directly  influences  the  metallic  structures  of  the  materials 
fabricated. 

The  study  does  however  show  the  potential  of  the  LENS  machine  to  manufacture  multimaterial 
objects.  These  have  been  designed  taking  into  consideration  manufacturing  constraints  and  then  built  on  a 
machine  that  has  the  potential  to  brake  the  paradigm  of  designing  and  building  homogenous  materials. 

Acknowledgments 

This  work  was  made  possible  with  a  grant  from  Optomec  Inc.,  Albuquerque,  NM. 

Bibliography 

Goldberg  D.E.  (1989).  Genetic  Algorithms  in  Search,  Optimization  and  Machine  Learning, 
Addison-Wesley. 

Grujicic,  M.,  Cao,  G.  and  Fadel,  G.M.(2001),  “Effective  Materials  properties:  Determination  and 
application  in  Mechanical  Design  and  Optimization”,  to  appear  in  the  Journal  of  materials,  design  and 
applications. 


559 


Hajela  P.  (1992).  Stochastic  Search  in  Structural  Optimization:  Genetic  Algorithms  and  Simulated 
Annealing.  Progress  in  Astronautics  and  Aeronautics  150:  611-637. 

Huang  J.  and  Fadel  G.M.  (1999).  Heterogeneous  Flywheel  Modeling  &  Optimization.  Journal  of 
Materials  &  Design(Special  Issue:  Rapid  Prototyping  and  Manufacturing). 

Huang  J.  (2000)  “Optimizing  material  distribution  for  multi-material  Rapid  Prototyping”  Ph.D. 
Dissertation,  Clemson  University. 

Konig  O.  (1999).  Application  of  Genetic  Algorithms  in  the  Design  of  Multimaterial  Structures 
Manufactured  in  Rapid  Prototyping.  Institute  for  Construction  and  Design,  ETH  Zurich,  Switzerland  - 
Department  of  Mechanical  Engineering,  Clemson  University,  USA.  Zurich,  Switzerland,  ETH  Zurich. 

Morvan  S.  (2001).  “MMa-Rep:  A  Representation  for  MultiMaterial  Solids”  Ph.D.  Dissertation, 
Clemson  University. 

Swann  T.A.,  Keicher  D.M.,  et  al.  (1998).  Laser  Engineered  Net  Shaping  (LENS")  Technology 
Commercialization.  Rapid  Prototyping  and  Manufacturing  98,  Dearborn,  Ml,  Society  of  Manufacturing 
Engineers. 


560 


Robocasting  Periodic  Lattices  For  Advanced  Filtration 


John  N.  Stuecker,  Joseph  Cesarano  III,  Janies,  E.  Smay 
Sandia  National  Laboratories 
Albuquerque,  NM  87185 


Abstract 

Ceramic  filters  used  in  the  casting  of  molten  metals  are  commonly  created  by  slurry  impregnation 
of  polymeric  foams,  yielding  a  fired  ceramic  foam  structure.  These  foam  structures  have  high  part-to-part 
standard  deviation  in  flow  rates  (-25%)  and  have  weak  sections  which  can  fragment  into  the  melt.  In 
contrast,  periodic  lattice  filters  (PLF’s)  made  by  robocasting  have  a  cross-hatched  face-centered-cubic 
arrangement  of  rods..  As  such,  the  robocast  filters  have  high  strength  and  may  be  easily  tailored  to  offer  a 
specific  internal  pore  structure  to  control  the  flow  rate  and  pressure  drop  across  the  filters.  Standard 
deviation  of  flow  rates  among  PLF’s  are  less  than  1%.  This  paper  describes  the  methodology  of  creating 
PLF’s  as  possible  foam  filter  replacements. 

Introduction: 

The  most  commonly  used  ceramic  filters  on  the  market  today  are  thin-walled  extruded  honeycomb 
and  ceramic  foam  filters.  Extruded  honeycomb  filters  are  employed  in  most  automobile  exhaust  systems 
and  are  commonly  used  as  catalyst  supports.  These  filters  are  made  by  extruding  a  plastic  ceramic  body 
through  a  die  which  yields  parallel  walled  channels.  Very  well  defined  pore  sizes  result  fi*om  this 
fabrication  method.  Ceramic  foam  filters  are  made  by  immersing  a  polymeric  foam  into  a  ceramic  slurry. 
The  slurry-saturated  foam  is  then  drawn  through  a  set  of  rollers  which  displace  excess  slurry,  allowing  the 
pore  structure  of  the  foam  to  become  prominent.  The  polymeric  foam  is  then  burned  out  and  the  resulting 
ceramic  structure  fired  to  high  density.  Pore  sizes  are  inherently  variable  and  difficult  to  reproduce.  Non- 
uniform  pore  structure  leads  to  inconsistent  flow  rates  for  any  particular  filter.  Flow  rate  control  is 
important  when  performing  metal  casting.  Further,  regions  of  closed  pores  occur,  as  well  as  regions  of 
very  thin/weak  ceramic  struts.  These  ceramic  foams  are  most  commonly  used  in  filtering  oxides  from 
molten  metals,  with  the  major  issues  being  variability  of  porosity  resulting  in  variable  flow  rates,  and 
fragments  of  ceramic  foam  breaking  off  during  filtering,  flowing  into  the  casting. 

Robocasting  of  high  solids  loading  slurries  allows  precise  placement  of  material  in  three 
dimensions.  By  slightly  flocculating  the  slurry,  spanning  structures  can  be  built  and  are  similar  in 
appearance  to  stacks  of  rods  with  maximum  span  distances  of  up  to  eight  times  the  rod  diameter.  The  rod¬ 
like  shape  of  the  extruded  material  is  directly  created  from  the  circular  extrusion  orifice.  Moving  the 
orifice  back  and  forth  in  a  controlled  pattern  while  extruding  the  ceramic  material  allows  precise  layering 
of  these  rods  in  a  periodic  lattice  and  a  unique  style  of  ceramic  filter  to  be  created.  The  freshly-extruded 
slurry  melds  together  with  the  previously  placed  rods  thereby  creating  a  strong  lattice.  These  filters  can 
have  user  specified  pore  size  between  the  solid  rods  by  altering  the  extrusion  path  (80  to  3000  pm)  as  well 
as  having  a  range  of  rod  sizes  by  altering  the  orifice  size  (80  to  3000  pm).  Further,  line-of-sight  porosity  in 
the  flow  direction  can  be  eliminated  in  four  build  layers  by  using  equal  rod  size  and  pore  size,  and  placing 
the  rods  in  a  face-centered  cubic  (FCC)  pattern.  This  style  of  filter  may  be  used  in  applications  currently 
using  the  extruded  honeycomb  and  ceramic  foam  structures.  This  discussion  will  compare  flow  properties 
of  ceramic  foam  and  periodic  lattice  filters. 

Experimental: 

Alumina  ceramic  foam  filters  used  commercially  in  molten  metal  filtration  were  generously 
provided  by  Selee  Corp.,  Hendersonville,  SC  (Figure  la).  Standard  foams  are  available  in  20,  30,  45,  and 
60  pores  per  linear  inch  (ppi).  The  foams  are  present  inside  a  solid,  pressed  alumina  ring,  yielding  an 
overall  part  size  of  approximately  1”  OD,  and  0.4”  thick  through  the  porous  foam. 

Periodic  lattice  filters  (PLF’s)  were  fabricated  by  robocasting  an  aqueous  based  60  vol%,  99.8% 
purity  alumina  slurry  containing  less  than  0.5  vol%  organic  material.  Yield  stress  of  the  slurry  was 
increased  until  unsupported  lattices  could  be  fabricated.  Filters  of  various  pore  sizes,  rod  diameters,  and 
thicknesses  were  created  in  attempt  to  characterize  air  and  liquid  flow  through  the  periodic  lattices.  All 
PLF’s  were  dried  for  several  hours  and  fired  to  1650°C  to  near  full  density.  A  PLF  with  30  ppi  is  shown  in 
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Fig.  lb.  PLF’s  were  created  that  match  first,  the  geometry  of  the  commercially  available  foams,  and  then 
second,  the  liquid  flow  rates.  Three  of  each  filter  geometry  were  fabricated  and  characterized  to  obtain 
standard  deviations.  Table  1  displays  a  selection  of  tip  sizes  used  in  the  robocasting  process,  the  resulting 
sintered  rod  diameter,  the  resulting  linear  ppi  of  the  FCC  lattice,  and  equivalent  surface  areas.  The  surface 
area  data  is  provided  simply  for  comparison  to  commercially  available  extruded  honeycomb  structures.  For 
example,  ultra-thin-walled  honeycomb  used  as  a  catalyst  support  with  24,5  ppi  yields  a  surface  area  of-'98 
inVin^,  which  is  very  similar  to  a  25  ppi  PLF  (99  in^/in^). 

Air  permeability  tests  were  performed  by  inserting  the  PLF  into  a  controllable  air-flow  chamber. 
Taps  just  before  and  after  the  test  specimen  allowed  monitoring  of  pressure  drop  via  a  digital  manometer 
accurate  to  ±  .1  psi.  The  air  flow  rate  was  adjusted  from  1  to  7  cubic  feet  per  minute  (cfm)  while  pressure 
drop  reading  were  taken.  Using  the  resulting  data  and  Darcy’s  equation,  the  permeability  constant  was 
calculated: 


K, 


QL 

AAP 


where  Q  is  the  volumetric  flow  rate,  L  is  the  length  of  the  penneate,  A  is  the  cross-sectional  area,  and  AP  is 
pressure  drop  across  the  permeate.  Liquid  flow  rate  was  measured  using  water  at  a  constant  head  of  water 
of  10  psi.  The  amount  of  time  required  to  fill  a  gallon  container  was  timed,  and  flow  rates  were  recorded 
in  gal/min.  It  is  suitable  to  use  water  in  the  liquid  flow  tests  to  get  a  general  idea  of  the  flow  rate  of  molten 
aluminum  due  to  the  very  similar  Reynolds  numbers. 


Results  and  Discussion: 

In  order  to  eliminate  unimpeded  line-of-sight  flow  channels  in  the  flow  direction,  PLF’s  were 
fabricated  with  layers  of  stacked  rods  with  the  spacing  between  the  rods  equal  to  the  rod  diameter.  A  unit 
cell  consists  of  four  layers.  Permeability  data  for  several  PLF’s  are  found  in  Figure  2.  The  plot  contains 
data  for  PLF’s  of  14  to  47  ppi,  with  one,  two,  and  three  unit  cells  in  thickness.  The  trend  in  the  plot  is 
expected.  Decreasing  the  rod  diameter  (thus  increasing  the  ppi),  restricts  flow,  increasing  the  permeability 
constant  K^.  Increasing  the  number  of  layers  of  the  PLF  for  a  given  pore  size  also  increases  K^,  further 
restricting  flow.  One  notable  feature  arises  from  the  graph,  the  permeability  constant  is  not  constant. 
Rather,  a  decrease  in  the  permeability  constant  is  seen  with  increasing  flow  rates.  This  change  in  is 
most  likely  due  to  change  in  gas  flow  from  laminar  to  turbulent.  What  parts  of  the  graph  are  turbulent  and 
what  parts  laminar?  Regardless  of  laminar  of  turbulent  flow.  Fig.  2  may  be  used  as  a  map  to  design  a  PLF 
with  a  specified  flow  rate  by  selecting  the  appropriate  thickness  and  ppi  values.  For  example,  if  a  high 
surface  area  is  needed  for  a  catalyst  support,  smaller  rod  sizes  yielding  larger  ppi  values  are  required. 
However,  it  may  then  be  necessary  to  select  a  small  number  of  layers  in  order  achieve  an  acceptably  high 
flow  rate. 

Often,  pressure  drop  across  a  filter  is  an  important  parameter.  Figure  3a-c  compares  the  pressure 
drop  across  a  45  ppi  foam,  a  30  ppi  foam,  and  a  47  ppi  lattice.  The  47  ppi  lattice  has  the  same  physical 
geometry  as  the  foam  filters  (1”  OD,  0,4”  thick).  For  the  three  samples  of  each  filter,  it  can  be  seen  that  the 
foam  structures  have  lower  pressure  drop  than  the  PLF.  The  very  low  bulk  density  of  the  foam  structures 
(-80%  porosity)  accounts  for  the  lower  pressure  drop.  However,  the  foam  filters  show  very  high  part-to- 
part  standard  deviations  relative  to  the  PLF.  From  the  back-lit  foam  structure  in  Figure  1,  it  is  inferred  that 
the  inconsistent  pore  structure  inherent  in  the  slurry  impregnation  process  accounts  for  the  standard 
deviation  among  samples.  The  back-lit  PLF  in  Figure  1  conveys  the  good  uniformity  and  consistency  of 
the  internal  structure.  In  conclusion,  for  a  specific  ppi  value,  if  it  is  desired  to  achieve  a  low  foam-like 
pressure  drop  with  a  PLF  then  the  PLF  must  be  fabricated  relatively  thinner  than  the  foam.  This  may  or 
may  not  pose  a  problem  related  to  reduced  filtration  efficiency.  It  is  believed  that  PLF’s  may  be  effective 
filters  even  when  relatively  thin  since  the  flow  path  is  inherently  tortuous  and  line-of-sight  flow  channels 
may  be  completely  eliminated  in  a  single  unit  cell.  Conversely,  thin  foam  samples  run  the  risk  of  exposing 
straight-through  flow  channels.  The  filtration  efficiency  of  PLF’s  will  be  an  area  of  future  study. 

Liquid  flow  results  of  the  same  set  of  filters  are  found  in  Figure  4.  Again,  it  can  be  seen  that 
although  the  pore  geometries  are  nearly  the  same  for  the  foam  and  PLF,  PLF  flow  rates  are  lower  and  more 
consistent.  Standard  deviations  among  the  30  ppi  foam  filters  are  on  the  order  of  25%,  while  PLF’s  have  a 
standard  deviation  of  less  than  1%. 

To  show  the  utility  of  the  data  mapped  in  Fig.  2,  the  flow  rate  of  a  30  ppi  foam  filter  was 
arbitrarily  chosen  to  be  matched  with  a  designed  PLF.  The  data  in  Fig.  2  was  used  to  predict  that  a  PLF 
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with  13  ppi  should  have  flow  properties  similar  to  a  30  ppi  foam  of  similar  dimensions.  One  such  13  ppi 
filter  was  robocast.  The  robocast  filter  was  created  in  less  than  five  minutes,  dried  and  fired  in  24  hours. 
The  resulting  flow  rate  is  recorded  in  Figure  4.  In  just  one  attempt  the  13  ppi  PLF  does  in  fact  lie  within 
the  standard  deviation  of  the  30  ppi  foam.  . 

It  has  yet  to  be  determined  if  the  change  in  pore  size  will  have  a  large  effect  on  filtration 
efficiency.  Ceramic  filters  are  used  in  molten  metal  filtration  for  two  reasons.  First,  the  high  temperatures 
(>1000°C)  rule  out  most  materials.  Second,  the  filters  are  attempting  to  filter  out  oxides.  Since  the  molten 
metal  being  filtered  is  non- wetting  to  ceramic  oxides,  including  the  filter,  small  oxide  particles  in  the  melt 
are  forced  onto  the  ceramic  filter,  adding  a  physical  adsorption  factor  to  the  mechanical  entrapment  aspect 
of  filtration.  Therefore,  even  though  flow  rates  are  matched  by  enlarging  pore  size,  it  is  not  necessarily 
detrimental  to  filtration. 

The  additional  aspect  that  a  SFF  method  based  on  a  rapid  prototyping  machine  may  be  used  in 
conventional  manufacturing  is  attractive.  As  mentioned  before,  the  supplemental  PLF  may  be  fabricated  in 
minutes.  It  is  entirely  feasible  with  this  system  to  build  multiple  parts  in  parallel  by  adding  additional 
tips.  Therefore,  if  20  parts  were  built  in  parallel,  240  parts  per  hour  could  be  fabricated  and  fired  by  the 
next  day,  making  the  step  to  rapid  manufacturing. 

Summary: 

Periodic  lattice  filters  with  good  interlayer  strength  and  having  a  face-centered-cubic  structure 
were  robocast.  An  array  of  internal  pore  geometries  ranging  from  47  to  12.5  ppi  were  created,  and 
permeability  constants  were  determined  for  these  pore  sizes  with  filter  thickness  ranging  from  4  to  12 
layers.  Surface  areas  of  these  PLF’s  were  calculated  and  are  comparable  to  extruded  honeycomb  structures 
(>100  in^/in^).  Pressure  drops  of  PLF’s  were  higher  than  foam  structures,  most  likely  due  to  the  higher 
bulk  densities  and  more  tortuous  pathways  in  PLF’s.  In  one  attempt,  a  13  ppi  PLF  was  designed  to  match 
the  liquid  flow  rate  of  a  30  ppi  foam.  This  example  of  tailored  fabrication  was  completed  by  using  a  data 
map  of  known  pore  sizes  and  sample  thickness,  and  calculating  the  filter  geometry  required  for  a  specific 
flow  rate.  Part-to-part  standard  deviations  of  PLF’s  are  on  the  order  of  1%  while  foam  filters  are  closer  to 
25%.  Once  filtration  efficiency  has  been  determined,  the  usefulness  of  PLF’s  in  molten  metal  filtration  will 
be  known.  However,  it  is  clear  that  two  shortcomings  of  foam  filters  have  been  addressed;  the  PLF’s  are 
much  stronger  and  have  more  predictable  flow  characteristics. 
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Tables  and  Figures: 


Table  1:  Correlation  of  Fired  Rod  Diameter  to  PPI  and  Surface  Area  for  PLF’s. 


PREMEABILITY  CONSTANT  for  PLFs 


Fluid  Velocity,  v  (m^/s)  ^1,000 


Figure  2:  Permeability  constants  of  and  array  of  PLF’s.  the  pemieability  ‘constant’  varies  with  flow  rate 
most  likely  due  to  change  in  flow  from  turbulent  to  laminar  through  the  filter. 


45  ppi  foam 


30  ppi  foam 


47  ppi  lattice 


Figure  3:  Pressure  drop  measurements  of  selected  foam  and  PLF’s  with  high  standard  deviations  being 
prevalent  in  foam  filters. 
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30  ppi  foam  45  ppi  foam  47  ppi  lattice 

Figure  4:  Flow  rate  measurements  of  selected  foams.  The  matching  PLF  has  a  lower,  more  predictable 
flow  rate. 


1.8 


30  ppi  30  ppi  13  ppi 
lattice  foam  lattice 


Figure  5:  Calculations  based  on  flow  rate  vs.  PLF  pore  size  were  employed  to  match  flow  rates  (in  a  single 
attempt)  of  a  PLF  to  a  30  ppi  foam. 
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SYNTHESIS  OF  A  COMPACT  TETRALATTICE  HEAT 
EXCHANGER  USING  SOLID  FREEFORM  FABRICATION  AND 
COMPARISON  TESTING  AGAINST  A  TUBE  HEAT  EXCHANGER 


James  R.  Heidrich,  Vito  Gervasi,  and  Subha  Kumpaty 

Rapid  Prototyping  Research  Center 
Milwaukee  School  of  Engineering 
1025  North  Broadway 
Milwaukee,  Wisconsin  53202 

Abstract 

The  challenge  for  Solid  Freeform  Fabrication  (SFF)  lies  in  fabricating  complex  parts  that  are  not 
possible  by  conventional  manufacturing  means.  The  goal  was  to  apply  SFF  techniques  to 
complex  geometry  heat  exchangers.  The  heat  exchanger  structure  is  modeled  after  the 
covalently  bonded  carbon  atoms  of  a  diamond.  The  tetrahedron  diamond  lattice,  or  Tetralattice, 
is  a  repeating  lattice  unit  that  forms  a  network  of  channels  to  form  the  heat  exchanger. 
Electroforming  methods  creating  Tetralattice  were  applied  to  synthesize  an  air-oil  compact  heat 
exchanger.  After  production,  the  heat  exchanger  was  tested  and  compared  with  an  industry 
standard  heat  exchanger  for  performance  evaluation. 

Introduction 

A  heat  exchanger  is  a  device  that  facilitates  transfer  of  heat  from  one  fluid  stream  to 
another  [1].  Power  generation,  heating  and  air  conditioning,  aerospace  mechanisms,  chemical 
processing,  oil  refining,  and  the  operation  of  virtually  all  types  of  vehicles  depend  on  heat 
exchangers  of  various  configurations.  This  research  is  intended  to  develop  a  compact  heat 
exchanger  that  is  compact,  lightweight,  and  reliable. 

A  heat  exchanger  gains  the  classification  of  a  compact  heat  exchanger  (CHE)  if  its 
characteristics  include  a  surface  area  to  volume  ratio  (j8  )  greater  than  212  ft^/ft^,  or  17.68 
in  /in  .  In  the  case  of  an  air-oil  compact  heat  exchanger,  the  flow  passage  area  on  the  air  side 
must  be  many  times  greater  than  that  on  the  liquid  side.  One  method  widely  accepted  in  industry 
is  to  employ  banks  of  round  tubes  with  circular  disk  fins.  This  arrangement  is  referred  as  a 
Tube-Fin  Heat  Exchanger.  The  other  classification  of  a  compact  heat  exchanger  is  the  Tube- 
Plate  Heat  Exchanger,  where  two  parallel  plates,  separated  by  fins  or  spacers,  define  each 
channel.  Both  the  tube- fin  and  the  plate- fin  are  formulated  from  the  shell  and  tube  heat 
exchanger,  which  was  used  as  the  industry  standard  for  the  comparison  testing  stage  of  this 
research 

Heat  exchanger  design  has  been  limited  due  to  conventional  methods  of  manufacturing. 
Traditionally  heat  exchangers  have  been  manufactured  by  creating  channels  for  the  internal 
fluids  by  extruding,  stamping,  or  assembling  machined  parts  with  various  hardware,  such  as  fins, 
into  a  structure  that  is  easy  to  manufacture.  SFF  unlocks  the  imagination  to  create  complex 
networks  for  fluid  flow  and  heat  transfer,  were  previously  teetering  on  the  realm  of  impossible. 
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Objective 


This  work  explores  the  synthesis  of  a  Tetralattice  (TL)  air-oil  compact  heat  exchanger 
(TL  AOHE)  directly  from  a  CAD  design  using  SFF  processing  and  the  Electroforming  Process. 
A  tube  CFIE  was  also  manufactured  to  do  a  comparative  analysis  with  the  TL  AOHE.  The 
following  four  research  objectives  will  be  presented  in  the  subsequent  sections  of  this  paper: 

>  Comparative  testing  theory 

>  Approach 

o  Air-Oil  Tetralattice  CHE  synthesis 
o  Tube  CHE  synthesis 
o  Comparison  testing  experimentation 

>  Results  from  comparison  testing 

>  Discussion  of  results 

Theory 

While  traditional  modes  of  manufacturing  lies  in  material  removal,  SFF  lies  in  the 
additive  realm  of  manufacturing.  With  this  additive  philosophy,  it  is  possible  to  create  complex 
geometries  such  as  three-dimensional  lattice  structures.  Tetralattice  (TL)  is  one  such  structure, 
modeled  after  the  covalent  carbon  bonds  that  form  the  tetrahedron  characteristic  of  a  diamond 
[2].  Arrays  of  TL  units  form  complex  structures  as  well  as  complex  channels  within  objects. 
This  complexity  can  result  in  unmatched  characteristics.  Recently,  TL  applications  in  the  areas 
of  gradient  materials,  conformal  heating  and  cooling,  transfer  systems,  and  stress  reductions  are 
being  discovered  [3]. 


Figure  1.  Tetralattice  configuration  for  use  in  the  TL  AOHE 
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The  structure  shown  in  Figure  1  is  the  TL,  which  was  created  for  the  air-oil  compact  heat 
exchanger.  This  geometry  is  beneficial  due  to  the  high  surface  area  to  volume  ratio  ( ),  which 
is  not  the  only  factor,  but  an  extremely  important  one  when  discussing  compact  heat  exchangers. 


In  the  next  section  of  this  paper,  the  TL  AOHE  is  compared  to  a  tube  CHE.  Both  CHEs 
are  manufactured  in  the  exact  same  fashion.  Each  prototype  of  the  compact  heat  exchanger  has 
been  designed  to  have  approximately  the  same  volume  of  internal  fluid  and  was  tested  under  the 
same  conditions.  A  tube  CHE,  which  is  the  basis  of  all  CHEs,  gives  approximations  of  the 
overall  effectiveness  of  the  TL  AOHE  verses  other  compact  heat  exchangers  in  industry.  The  TL 
AOHE  has  a  very  high  ^  ratio,  364.44  in^/in^,  in  comparison  to  a  simple  tube  compact  heat 
exchanger,  164.56  in^/in^,  comprised  of  the  same  volume. 


The  hypothesis  of  this  research  is  that  the  TL  AOHE  will  have  a  much  greater  overall  rate 
of  heat  transfer  (Q)  than  the  tube  CHE  due  to  the  high  value.  The  rate  of  heat  transfer  (Q) 
was  found  through  experimentation.  The  theoretical  overall  heat  transfer  coefficient  (U)  was 
also  calculated  to  help  evaluate  the  TL  AOHE  before  testing.  Through  the  aid  of  tables  and 
convection  heat  correlation  equations,  the  convective  heat  transfer  coefficients  (h)  for  both  the 
inside  and  outside  fluid  flow  of  each  compact  heat  exchanger  were  calculated.  Substituting 
these  values  (hj,  ho)  into  equation  1  below,  the  overall  heat  transfer  coefficient  (U)  for  both  CHEs 
were  found  [4,5]. 


UA^ 


KA 


In(i) 

ITLkL 


Note:  k  =  Thermal  Conductivity  &  L  =  specified  length 


(1) 


The  theoretical  heat  transfer  coefficient  (U)  for  the  tube  CHE  ant  TL  AOHE  are  0.550 
KJ/hr*in^*K  and  1.059  KJ/hr*in^*K  respectively.  Based  on  these  values,  the  TL  AOHE 
transfers  heat  at  a  rate  that  is  193%  more  efficient  than  the  tube  CHE.  These  two  pieces  of 
experimental  and  theoretical  evidence  help  support  the  hypothesis  of  a  greater  rate  of  heat 
transfer  for  the  TL  AOHE.  To  verify  the  afore  theory,  working  models  of  each  heat  exchanger 
were  synthesized  by  various  SFF  techniques,  using  a  material  capable  of  withstanding  high 
temperatures. 


Approach 

Utilizing  SFF  technology,  a  proprietary  process  was  used  to  generate  a  bismuth 
expendable  core.  Cerro-bismuth  was  chosen  due  to  its  low  melting  point,  as  well  as  the  alloy’s 
high  electric  conductivity  properties.  These  two  factors  are  imperative  in  the  synthesis  of  the 
copper  TL  AOHE. 
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Figure  2.  (Right)  CAD  Drawings  of  TL  AOHE  and  tube  compact  heat  exchangers,  (Left)  TL 
AOHE  Bismuth  Expendable  Cores 

To  finish  the  CHEs  formation,  the  electroforming  process  was  used  for  the  production  due  to  its 
very  high  dimensional  accuracy.  The  only  limitation  is  the  accuracy  possible  in  machining  the 
mandrel  (expendable  core),  which  can  be  in  the  order  of  2.5  micrometers.  With  the  aid  of  SFF, 
this  process  fit  the  description  perfectly. 


The  electroforming  process  was  used  to  apply  a  thermally  conductive  metal  (copper)  to 
the  complex  geometry.  Electroforming  is  defined  as  the  production  or  reproduction  of  articles 
by  electrodeposition  upon  a  mandrel  or  mold  that  that  is  subsequently  separated  from  the 
electrodeposit  [6].  A  mandrel  is  a  form  used  as  a  cathode  in  electroforming- in  this  case,  it  is  the 
Cerro-Bismuth  expendable  core. 

The  first  step  before  the  actual  plating  experiment  setup  was  to  figure  out  how  to  plate  the 
TL  AOHE  expendable  core  from  a  360-degree  range.  A  copper  tube  with  copper  end  caps 
proved  to  be  the  best  and  most  cost  effective  alternative.  This  configuration  also  serves  as  the 
anode,  as  well  as  the  container,  for  the  Copper  Sulfate  solution.  The  same  process  was  used  to 
manufacture  the  tube  CHE.  Both  CHEs  were  electroplated  until  an  average  wall  thickness  of 
approximately  0.030”  was  achieved. 

The  final  phase  in  the  TL  AOHE  synthesis  was  the  removal  of  the  Cerro-Bismuth 
expendable  core.  The  copper  electroform  is  separated  by  melting  out  the  expendable  core,  and  at 
that  point  in  the  process,  the  TL  AOHE  is  a  fully  functional  apparatus.  A  vacuum  process  that 
was  enacted  at  82  degrees  C  (355  K),  which  is  slightly  above  the  melting  point  of  the  Cerro- 
Bismuth,  removed  the  expendable  core.  After  steady  state  temperatures  were  reached,  heated 
glycerin  was  forced  through  the  heat  exchanger  to  remove  the  core.  Figiure  3  illustrates  the 
results  from  the  glycerol  vacuum  process. 

Now  with  both  CHEs  fully  functional,  it  is  imperative  to  test  both  of  these  together  to  see 
how  the  TL  AOHE  scores  against  industry  standards.  The  first  step  in  testing  was  to  find  the  rate 
of  heat  transfer,  as  well  as  the  overall  heat  transfer  coefficient  for  both  the  TL  AOHE  and  the 
tube  CHE.  Knowing  the  inlet  and  exit  temperatures  associated  with  both  fluids  involved  with  the 
heat  exchange  process,  the  rate  of  heat  transfer  (Q),  as  well  as  the  overall  heat  transfer  coefficient 
(U),  can  be  calculated  using  the  equation  below  (2). 

Q  =  U^A^AT=m^^T^C„ 

^  m  p 

(2) 


Where; 

Q  =  rate  of  heat  transfer 

U  =  mean  overall  heat  transfer  coefficient 
=  log  mean  temperature  difference 
A  =  total  heat  transfer  area 
rh  =  mass  flow  rate 
Cp  =  specific  heat 

It  is  important  to  test  both  CHEs  exactly  in  the  same  maimer,  since  they  were 
manufactured  through  the  same  process  and  for  a  meaningful  comparison  of  their  heat  transfer 
characteristics.  A  wide  variety  of  testing  procedures  exist  in  the  advancement  of  heat 
exchangers.  These  range  from  evaluations  of  heat  transfer,  pressure  drop,  velocity,  and 
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temperature  distributions  using  small  models  to  do  acceptance  tests  of  large  full-scale  units  [7]. 
A  medium  between  the  cost  of  the  test,  and  the  value  of  the  information  to  be  obtained,  were 
carefully  balanced. 

Both  CHEs  were  manufactured  to  have  relatively  the  same  volumes,  0.020  in  .  The 
surface  areas  are  not  the  same;  this  is  due  to  the  beneficial  characteristics  of  the  Tetralattiee. 
The  goal  of  the  testing  was  ultimately  to  prove  that  the  Tetralattiee  geometry  is  more  effective 
design  than  that  of  a  tube  CHE. 

The  actual  test  setup  was  composed  of  a  flow  bench,  convection  oven,  pump,  pressure 
sensors,  thermocouples,  and  a  data  acquisition  unit.  The  thermocouples  were  setup  at  a  specified 
distance  from  the  inlet  and  outlet  sides  of  both  the  hot  water  flow,  as  well  as  the  eool  airflow 
through  the  CHEs.  Both  of  the  inlet  and  outlet  temperatures  were  recorded  using  a  Data 
Acquisition/Switch  Unit.  The  procedure  consisted  of  pumping  hot  water  through  the  heat 
exchanger  and  allowing  the  temperature  to  reach  steady  state,  at  that  point  the  flow  bench  had  to 
be  initiated  to  blow  cool  air  across  the  channels.  Onee  again  the  temperatures  were  closely 
monitored  to  ensure  steady  state  conditions  were  reached  -  of  both  air  and  water.  Volumetric 
flow  rates  of  both  the  air  and  the  water  were  closely  monitored  as  well.  Both  the  TL  and  the  tube 
CHEs  were  tested  in  the  same  fashion. 

Two  sets  of  experiments  were  conducted,  one  using  water  as  the  heated  fluid,  and  the 
SLA  CHEs  for  the  test  prototypes.  The  second  round  of  test  used  glyeerin  as  the  heated  fluid, 
and  the  actual  copper  CHEs  (Refer  to  the  Appendix  for  a  picture  of  the  actual  CHEs  used,  as 
well  as  a  picture  of  the  testing  setup). 


Results  From  Testin2 


Table  1  illustrates  the  results  from  using  the  SLA  prototypes  of  both  CHEs.  One 
outeome  of  this  SLA  prototype  test  is  to  see  the  feasibility  of  using  SLA  prototypes  to  get  good 
estimates  of  heat  transfer  rate  differences  between  heat  exchanger  designs.  The  results  were 
recorded  directly  off  of  the  data  aequisition  unit. 


Table  1  Results  from  SLA  CHE  comparative  testing 


If  .  r;i  Tube  Heat  ExchandeP’^ 

Thermocouple 

Degree  C 

Degree  K 

Thermocouple 

Degree  C 

Degree  K 

Th.  in 

59.60 

332.75 

Th,  in 

59.60 

332.75 

Tc,  out 

20.70 

293.85 

Tc,  out 

21.10 

294.25 

Th,  out 

58.30 

331.45 

Th,  out 

58.10 

331.25 

Tc,  in 

27.60 

300.75 

Tc,  in 

27.80 

300.95 

Qrts 

Seconds 

Qrt/Sec 

Qrts 

Seconds  Qrt/Sec 

Flow  Rate 

2 

86 

0.0233 

Flow  Rate 

2 

99  0.0202 

density  (kg/cm'^3) 

0.001 

density  (kg/cm^3) 

0.001 

Vol.  Flow  Rate  (cm''3/hr) 

79200 

Vol.  Flow  Rate  (cm''3/hr) 

68933 

Mass  Flow  Rate  (kg/hr) 

79.2 

Mass  Flow  Rate  (kg/hr) 

68.9 

1  Cp  (KJ/Kg*K) 

4.184 

Cp  (KJ/Kg*K) 

4.184 
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Table  2  shows  the  setup  using  the  actual  copper  CHEs  and  glycerol  as  the  heated  fluid. 
Glycerol  was  used  as  the  heated  fluid  in  this  particular  part  of  the  experiment  due  to  the 
oxidation  properties  of  pure  copper. 


Table  2  Results  from  copper  CHE  comparative  testing 


f  -  'S:  Tube  ' 

TLAOHE 

Thermocouple  Degree  C  Degree  K 

Th,  in  84.50  357.65 

Tc,  out  34.60  307.75 

Th.out  81.20  354.35 

Tc.  in  24.60  297.75 

Thermocouple  Degree  C  Degree  K 

Th,  In  79.00  352.15 

Tc,  out  33.00  306.15 

Th.  out  74.02  347.17 

Tc,  in  22.80  295.95 

Qrts  Seconds  Qrt/Sec 
FiowRate  2  25.22  0.0793 

Qrts  Seconds  Qrt/Sec 

FiowRate  2  45.58  ' w 

density  (kg/cm^3)  0.00126 

Vol.  Flow  Rate  (cm^O/hr)  270071 

Mass  Flow  Rate  (kg/hr)  340.3 

Cp  (KJ/Kg*K)  2.39 

Pressure  Drop  (psi)  3 

density  (kg/cm'^3)  0.00126 

Vol.  Flow  Rate  (cm'^3/hr)  149434 

Mass  Flow  Rate  (kg/hr)  188.3 

Cp  (KJ/Kg*K)  2.39 

Pressure  Drop  (psi)  12 

Note;  the  pressure  drop  is  significantly  higher  for  the  TL  AOHE 
Analysis  and  Discussion  of  Results 


The  results  of  the  comparison  testing  did  in  fact  prove  that  the  TL  AOHE  is  a  more 
effective  design,  but  not  to  the  extent  that  the  theoretical  values  show.  The  theoretical 
calculations  found  the  overall  heat  transfer  coefficient  to  be  193%  greater  for  the  TL  AOHE. 
Table  3  shows  the  rate  of  heat  transfer  (Q)  values,  as  well  as  the  overall  heat  transfer  coefficients 
(U),  for  both  of  the  CHEs. 


Table  3.  Heat  Transfer  Properties  for  SLA  CHEs 


pTube'CI® 

KAom 

Q  =  430.79  icj/hr 

Q  =  432.93  KJ/hr 

U  =  0.4326  Kj/hr*in^*K 

U  =  0.480837  Kj/hr*in^*K 

From  these  values  it  is  evident  that  each  CHE  SLA  design  has  the  same  rate  of  heat  transfer  (Q) 
and  also  a  relatively  equal  overall  heat  transfer  coefficient  (U).  These  results  are  not  that 
surprising  considering  the  low  conductive  properties  of  the  SLA  material.  The  SLA  prototypes 
were  an  integral  part  of  setting  up  the  final  test  setup  and  establishing  a  solid  testing  procedure. 
Now  that  the  SLA  experiment  has  been  conducted,  it  was  necessary  to  compare  the  prototypes 
results  against  those  of  the  actual  copper  CHEs.  The  Copper  CHEs  values  of  Q,  and  U,  are 
shown  in  table  4. 
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Table  4.  Heat  Transfer  Properties  for  Copper  CHEs 


iTubeCHi 

(TL  AOHj 

Q  =  2683.87  KJ/hr 

Q  =  4050.20  KJ/hr 

U  =  1.7554  Ki7hr*in^*K 

U=  1.7560  Ki/hr*in"*K 

Based  on  the  copper  CHE  testing,  the  TL  AOHE  transfer  heat  at  a  150.91%  more  effective  rate 
than  the  tube  CHE.  That  difference  in  heat  transfer  rates  correlates  well  with  theoretical  values. 
The  TL  AOHE  also  has  a  slightly  higher  overall  heat  transfer  coefficient  (U),  which  confirms  the 
theory,  at  least  qualitatively.  Both  percentage  values  of  the  overall  heat  transfer  coefficients 
result  in  values  that  are  48%  different  than  those  calculated  theoretically.  This  difference  is 
contributed  to  the  substantial  pressure  drop  that  is  associated  with  the  TL  AOHE.  The  mass  flow 
rate  for  the  tube  CHE  was  almost  twice  that  of  the  TL  AOHE.  The  theoretical  values  assumed 
equal  mass  flow  rates.  This  problem  area  will  have  to  be  compensated  for  future  testing.  Future 
complex  geometries  for  heat  exchangers  will  have  to  be  planned  with  the  increased  pressure  drop 
in  mind. 


Conclusion 

Synthesis  of  complex  three-dimensional  functional  compact  heat  exchangers  is  now 
possible  using  SFF  (expendable  core),  and  the  electroforming  processes.  A  Tetralattice  air-oil 
compact  heat  exchanger  was  successfully  synthesized  and  compared  to  a  tube  CHE 
encompassing  the  same  internal  fluid  volume  to  evaluate  its  feasibility.  Based  on  a  high  P 
value  and  a  high  theoretical  overall  heat  transfer  coefficient  (U),  the  TL  AOHE  was  thought  to 
be  a  more  effective  heat  exchanger  than  the  tube  CHE.  This  initial  theory  was  proved  correct  by 
comparing  both  SLA  and  copper  CHEs  of  both  designs.  In  both  cases  the  overall  heat  transfer 
coefficients  were  slightly  higher  for  the  TL  AOHE.  The  copper  TL  AOHE  transfers  heat  at  a 
151%  more  effective  rate.  Though  data  from  the  SLA  CHE  were  inconclusive,  they  were  an 
essential  part  of  establishing  an  initial  test  setup  and  procedure. 

Problems  with  the  TL  AOHE  include  high-pressure  drops  that  result  in  a  lower  mass  flow 
rate.  This  low  mass  flow  rate  could  explain  the  48%  difference  from  theoretical  overall  heat 
transfer  coefficient  (U)  values.  The  pressure  drop  will  have  to  be  accounted  for  in  future 
complex  geometry  heat  exchangers.  The  TL  configuration  could  be  “stretched”  out  in  the  z 
direction  to  decrease  some  of  the  sharper  angles,  which  could  lower  significant  pressure  drops 
within  the  heat  exchanger. 

The  next  step  in  the  attempt  to  reach  the  perfect  beta  value  is  to  utilize  Rapid  Prototyping 
technology  to  adequately  model  the  lung  vasculature.  Nature’s  perfect  design  has  a  specific 
surface  that  is  around  two  orders  of  magnitude  greater  than  the  best  compact  heat  exchanger 
designs  [8]. 


Acknowled2ements 

The  author  would  like  to  express  appreciation  to  the  National  Science  Foundation  and  the 
Milwaukee  School  of  Engineering  for  the  opportunity  to  be  a  part  of  the  2000  Research 
Experience  for  Undergraduates  (REU)  program.  I  would  also  like  to  thank  Vito  Gervasi  for 


574 


giving  me  the  freedom  to  take  my  own  research  paths;  Ann  Bloor  for  support;  and  to  Subha 
Kumpaty  for  the  advice  on  Heat  Transfer. 


References 


(1)  Mills,  A.F.,  Heat  Transfer,  2"**  ed.,  Upper  Saddle  River,  New  Jersey:  Prentice- Hall,  1999. 

(2)  ‘littp://www.britannica.com/bcom/eb/article/2/0.57 1 6 J 1 8742+24.00.htmr’  (7/01/00). 

(3)  Gervasi,  V.R.,  Crockett,  R.S.,  “Composites  With  Gradient  Properties  From  Solid  Freeform 
Fabrication”,  1998  Solid  Freeform  Fabrication  Symposium  Proceedings,  Austin,  Texas  1998. 

(4)  Rolle,  Kurt  C.,  Heat  and  Mass  Transfer,  1®*  ed,  Upper  Saddle  River,  New  Jersey;  Prentice- 
Hall,  2000. 

(5)  “http://chemengineer.about.eom/science/chemengineer/library/weekly/aa020298.htm” 

(6)  Gervasi,  V.R.,  “Net  Shaped  Composites  Using  SLA  TetraCast  Patterns”,  1997  Solid 
Freeform  Fabrication  Symposium  Proceedings,  Austin  Texas  1997. 

(7)  Lowenheim,  Frederick,  A.,  Electroplating,  McGraw  Hill,  Inc.,  1978. 

(8)  Frass,  Aurthur  R.,  Heat  Exchanger  Design,  2nd  ed..  New  York:  Wiley-Interscience 
Publications,  1989. 


Appendix;  Copper  CHE  Testing  Pictures 


575 


this  page  intentionally  blank 


APPLICATIONS  OF  SOLID  FREEFORM  FABRICATION 
AT  THE  NAVAL  RESEARCH  LABORATORY 


J.  P.  Thomas^,  B.  A.  Bender^,  A.  Pique^,  K.  P.  Cooper^,  R.  J.  Rayne^,  and  A.  C.  Richardson^ 

f:  Materials  Science  and  Technology  Division,  Naval  Research  Laboratory,  Washington,  DC  20375 

Capt.  USN,  Department  of  Radiology,  National  Naval  Medical  Center,  Bethesda,  MD  20889 

Abstract 

Solid  Freeform  Fabrication  (SFF)  and  related  techniques  are  used  at  the  Naval  Research 
Laboratory  (NRL)  for  a  variety  of  materials  related  investigations.  Research  and  applications 
conducted  over  the  past  few  years  are  described  including:  Helisys  Laminated  Object 
Manufacturing  System  (LOMS)  fabrication  of:  ceramic  piezoelectric  actuators,  tooling  for 
multifunctional  materials,  and  anatomical  prototypes  for  surgical  visualization;  fabrication  of 
mesoscale  electronic  and  sensor  components  using  a  laser  forward  transfer  direct  write 
technique;  and  visualization  of  complex,  3-D  microstructures  using  a  Stratasys  Fused-Deposition 
Modeler.  The  paper  closes  with  a  brief  overview  of  future  SFF  related  work  at  the  NRL. 

Introduction 

Solid  Freeform  Fabrication  (SFF)  and  related  techniques  are  used  at  the  Naval  Research 
Laboratory  (NRL)  for  a  variety  of  materials  related  investigations.  This  paper  will  describe 
several  recent  SFF  projects  conducted  using  an  NRL  Helisys  Laminated  Object  Manufacturing 
System  (LOMS  Model  2030H)  or  a  custom  NRL  built  laser-based,  direct  material  writing  system 
known  as:  “Matrix-Assisted-Pulsed-Laser-Evaporation  Direct-Write”  (MAPLE  DW).  Use  has 
also  been  made  of  the  Stratasys  Fused-Deposition  Modeler  (FDM)  in  some  collaborative  efforts. 

We  begin  with  a  description  of  several  LOMS-based  applications  including:  ceramic 
piezoelectric  actuator  fabrication,  rapid  tooling  for  multifunctional  unmanned  air-vehicle 
components,  and  anatomical  prototyping  for  surgical  visualization.  Fabrication  of  mesoscale 
electronic  and  sensor  components  using  the  MAPLE  DW  system  is  described  next  followed  by  a 
description  of  the  use  of  FDM  for  creating  a  physical  model  for  complex,  3-D  material 
microstructures.  We  conclude  with  a  brief  overview  of  future  SFF  related  work  at  the  NRL. 

Laminated  Object  Manufacturing  System  Applications 
Piezoelectric  Actuators 

Advancing  the  development  of  high  authority  (i.e.,  high  force  and  displacement) 
piezoelectric  actuators  through  the  use  of  innovative  designs  and  advanced  fabrication 
techniques  is  a  critical  enabling  step  for  military  systems  [Wu  et  al.,  1999].  The  NRL  has  been 
involved  in  a  program  to  develop  the  Navy’s  SFF  capability  for  rapid  R&D  of  novel  tailored 
actuators  as  a  means  of  accelerating  their  insertion  into  fleet  applications. 

One  such  novel  actuator,  the  telescoping  actuator,  patented  by  Lewis  and  Kahn  [1997] 
(Figure  1),  serves  as  an  active  element  in  machinery  mounts  for  noise  (acoustic  signature) 
reduction.  The  telescoping  design  provides  for  displacement  amplification  with  an  output  force 
proportional  to  the  cross-section  of  the  smallest  element.  These  actuators  are  used  in  constrained 
spaces  of  varying  size  and  have  varying  power/displacement  requirements.  Another  actuator. 
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designed  for  active  payload  vibration  suppression  during  spacecraft  launch,  consists  of  a  thin 
ceramic  piezoelectric  ring  with  small  axial  holes  along  the  circumference  for  weight  savings. 

Actuators  can  be  fabricated  using  an  injection-molding  process,  but  this  is  too  expensive 
and  time  consuming  for  multiple  design  evaluations.  Instead,  a  modified  LOMS  process  has  been 
used  to  rapidly  fabricate  functional  components  for  direct  evaluative  testing.  Griffin  et  al.  [1994] 
document  some  of  the  early  efforts  to  adapt  the  LOMS  technique  for  fabricating  ceramic 
(alumina)  components. 

The  telescoping  actuators  are  built  by  integrating  the  lamination  of  thin  lead-zirconate- 
titanate  (PZT)  embedded  polymer  sheets  [Bender  et  al.,  2000]  with  precise  laser  cutting  by  the 
LOMS.  Engineering  of  the  ceramic-polymer  sheet  stock,  referred  to  as  ceramic  tape,  is  critical  to 
the  success  of  the  process.  The  ideal  ceramic  tape  is  stiff  enough  to  avoid  excessive  distortion 
during  handling,  amenable  to  laser  cutting,  and  suitable  for  lamination  via  solvent  welding,  while 
possessing  appropriate  firing  properties  [Cawley  and  Liu,  1998]. 

PZT  tapes  formulated  with  a  polymer  binder  system  optimized  for  alumina  tapes  were 
tried  first.  These  tapes  were  very  flexible  due  to  the  large  amount  of  plasticizer  that  was  added  to 
allow  mixing  with  the  high  specific  gravity  PZT.  Microstructural  characterization  of  the  tape 
using  scanning  electron  microscopy  (SEM)  showed  non-uniform  distributions  of  binder  and  PZT 
with  PZT-free  regions  and  a  vertical  density  gradient  (porous  to  dense  going  from  top  to  bottom). 
Actuators  made  with  these  tapes  were  badly  cracked  and  deformed  (Figure  2A).  The  cracking 
and  deformation  were  greatly  reduced  (Figure  2B)  using  tapes  with  PZT-optimized  binder, 
which  facilitates  more  uniform  PZT  powder  and  binder  distributions  within  the  tape. 

Selection  of  an  appropriate  solvent  for  lamination  welding  is  vital  to  achieving  a  good 
bond  between  the  tape  layers.  The  solvent  must  act  as  a  tackifier,  enabling  bonding  between  the 
layers,  and  it  must  have  a  relatively  low  vapor  pressure  so  that  it  doesn’t  evaporate  before 
affecting  the  lamination  process.  Also,  its  action  must  be  limited  to  the  interface  region. 
Otherwise  it  can  diffuse  to  the  laser-cuts  and  cause  partial  rebonding,  which  makes  decubing  of 
unwanted  material  from  the  build  more  difficult. 

Previous  research  indicated  that  a  light  spray  of  propanol  led  to  satisfactory  lamination 
[Bender  et  al.,  2000].  On  closer  examination,  however,  small  interlaminar  debonds  were 
observed  scattered  throughout  the  actuator.  One  reason  for  the  presence  of  these  defects  was 
uneven  evaporation  of  the  propanol.  Longer  spray  times  were  tried  in  an  attempt  to  prevent 
uneven  distribution  of  the  propanol,  but  the  presence  of  too  much  solvent  created  small  pockets 
of  liquid  that  could  not  be  eliminated  during  lamination  leading  to  even  larger  interlaminar 
defects.  A  low  vapor  pressure  solvent,  iso-amyl  alcohol,  was  tried  as  a  laminating  solvent. 
Uniform  distribution  of  the  solvent  was  observed,  and  after  firing,  fewer  defects  were  observed. 
However,  the  iso-amyl  alcohol  softened  the  ceramic  tape  binder  too  much  making  decubing 
difficult.  A  solution  was  found  that  required  adding  10%  polyethylene  glycol  (PEG-  MW  200)  to 
the  propanol  to  retard  the  evaporation,  leaving  behind  a  thin  tacky  interlaminar  film.  SEM 
characterization  revealed  a  continuous  interlaminar  film  ~1  m  in  width  was  left  behind  with  no 
evidence  of  interlaminar  defects.  The  PEG  has  time  to  dissipate  away  from  the  interfaces  during 
binder  burnout  leading  to  low  defect  actuators  after  firing  (Figure  2B). 

Understanding  the  important  SFF  process  parameters  related  to  the  PZT  tapes  and  solvent 
lamination  has  allowed  us  to  develop  adequate  process  control,  which  leads  to  dimensional 
control  and  property  reproducibility.  As  a  result,  this  LOMS-based  SFF  process  will  facilitate 
more  rapid  R&D  of  novel  ceramic  piezoelectric  actuators. 
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Rapid  Tooling  for  Multifunctional  Materials  Fabrication 

The  LOMS  machine  has  also  been  used  to  make  molds  and  patterns  for  use  in  fabricating 
multifunctional  fuselage  prototypes  for  a  micro  air  vehicle  (MAV).  We  are  integrating  the 
MAV’s  structure  and  battery  functions  into  one  material  to  reduce  weight  and  increase  flight- 
time  [Thomas  et  al.,  2001].  The  novel  structure-battery  materials  being  developed  for  this 
application  are  comprised  of  a  thin-layer,  polymeric  lithium-ion  battery  material  with  structural 
additives  and  a  barrier-layer  packaging'.  Molds  and  patterns  are  needed  to  form  the  composite 
structure-battery  material  “package”  into  the  complex,  3-D  curved  fuselage  shell  shape. 

A  LOMS  pattern  of  the  MAV  fuselage  and  the  corresponding  molds  for  the  upper  and 
lower  fuselage  halves  are  shown  in  Figure  3.  These  “tooling”  components  are  made  from 
standard  Helisys  paper  (LPH  042).  After  decubing,  they  are  sanded  smooth  and  then  epoxy 
coated  for  stiffening  and  strengthening  at  structure-battery  fabrication  temperatures  (80°C  max). 
The  tooling  will  be  used  in  a  vacuimi-bag-forming  operation  to  mold  the  structure-battery 
materials  into  the  MAV  fuselage  form.  Three  types  of  structural  enhancement  are  being 
considered.  The  first  involves  adding  polypropylene  (PP)  or  polyethylene  (PE)  films  internally 
and  bonding  with  the  battery  material.  The  second  will  increase  the  thickness  of  the  PP  or  PE  in 
the  barrier-layer  packaging  to  provide  the  required  shape  stiffness.  The  third  type  uses  an  epoxy- 
fiber  shell.  All  three  concepts  require  MAV  fuselage  molds/pattems  for  vacuum-forming  at 
elevated  temperatures  (80°C  max)  to  affect  interlayer  bonding  and  shaping  of  the  thermoplastics 
and  curing  of  the  thermosets.  LOMS  technology  allows  for  rapid  creation  of  complex  tooling  for 
this  advanced  development  demonstration  of  multifunctional  structure-power  materials  concepts. 

Anatomical  Prototyping  for  Surgical  Visualization 

Recently,  we  used  the  LOMS  to  create  a  very  detailed  anatomical  prototype  of  a  human 
spine  with  severe  scoliosis  from  CT-scan  digital  data  (Figure  4).  SFF  models  are  routinely  used 
in  medicine  today  for  visualization  and  planning  of  complex  surgical  procedures,  physician 
training,  and  informing/educating  the  patient,  and  that  is  the  intended  purpose  of  this  model. 
Several  fractional-scale  models  of  the  spine  were  made  at  the  National  Naval  Medical  Center 
using  their  Stratasys  Fused-Deposition  Modeler  (FDM).  Due  to  the  complexity  of  the  deformed 
spine  structure,  a  full-scale  model  was  desired,  but  model  sizes  are  limited  to  10  inches  for  this 
particular  FDM  machine.  The  build  envelope  for  the  NRL  LOMS  was  large  enough  to  fabricate 
the  full-scale  model  of  the  spine,  and  it  exhibited  an  added  advantage  of  providing  outstanding 
contrast  on  the  various  detailed  skeletal  features. 

The  spine  prototype,  shown  in  Figure  4,  was  fabricated  as  a  solid  block  18x7x5  inches 
in  dimension  created  with  approximately  1070  layers  of  Helisys  LPH  042  paper  stacked  in  the  5 
inch  dimension.  The  build  process  took  about  70  hours  due  to  the  fine-scale  features  in  the  model 
and  the  small  crosshatching  size  (0.25x0.50  inch).  Several  days  were  spent  on  pre-  and  post¬ 
build  tasks  and  *.StL  file  manipulations,  and  decubing  took  approximately  30  hours  spread-out 
over  several  weeks. 

The  software  MIMICS^  was  used  to  create  the  *.StL  file  from  the  CT-scan  data.  The  data 
was  filtered  using  triangle  reduction,  but  the  resulting  *.StL  file  was  still  too  large  at  68.8  Mb  for 


'  The  battery  is  ~  0.5  mm  thick  in  the  bicell  configuration  [Thomas  et  al.,  2001],  and  was  developed  in  the  early 
1990’s  by  Telcordia  Technologies  [Gozdz  &  Warren,  1997].  The  packaging  is  a  multilayer  polymer-aluminum  heat¬ 
sealing  laminate  (~0.1  to  0.5mm  thick)  that  serves  as  a  chemical/moisture  barrier  layer. 

^  http://www.materialise.be/mimics/ 
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the  LOMSlice  software.  We  used  Cyberware’s  Decimate  Polygon  Reduction  Software^  to  reduce 
the  *.StL  file  ~50%  to  37.7  Mb,  which  was  manageable  by  LOMSlice.  The  software  works  by 
coalescing  polygons  of  “little  importance”  for  accurate  model  representation  via  elimination  of 
select  vertices. 

Matrix  Assisted  Pulsed  Laser  Evaporation  Direct  Write  (MAPLE  DW) 

A  laser-based  direct  material  writing  technique  known  as:  “matrix  assisted  pulsed  laser 
evaporation:  direct  write”  (MAPLE  DW)  has  been  developed  here  at  the  NRL.  This  system, 
which  builds  on  recent  developments  in  materials  and  laser-based  materials  processing,  provides 
a  radically  different  method  of  fabricating  mesoscale  inorganic  structures  for  electronic  and 
sensor  device  applications  and  organic  structures  for  unique  biological  systems  applications 
[Pique  et  al.,  1999;  Fitz-Gerald  et  al.,  2000;  Chrisey  et  al.,  2000a].  An  individual  electronic 
component  or  an  array  of  sensors  can  be  built  conformally  over  the  surface  of  almost  any 
substrate  in  air  and  at  room  temperature  using  MAPLE  DW.  This  capability  opens  the  door  for 
the  rapid  prototyping  and  testing  of  customized  designs. 

The  material  deposition  process  begins  in  MAPLE  DW  when  a  high-repetition-rate,  355 
nm  UV  laser  beam  is  focused  on  a  material  “ribbon.”  Upon  heating  from  the  laser  pulse,  the 
build  material  transfers  to  the  receiving  substrate  where  it  forms  an  adherent  coating.  The  ribbon 
is  a  transparent  tape  that  supports  a  1-lOpm  thick  layer  of  build  material  on  one  side,  analogous 
to  a  conventional  ink  typewriter  ribbon.  A  schematic  of  the  process  is  shown  in  Figure  5. 

Using  MAPLE  DW,  we  can  fabricate  electronic  circuit  patterns  with  feature  resolutions 
on  the  order  of  10pm  by  synchronously  moving  the  ribbon  to  a  fresh,  unexposed  region,  and  the 
receiving  substrate  approximately  one  beam  diameter.  The  individual  mesoscopic  3-D  pixels  or 
voxels  of  electronic  material,  one  voxel  transferred  per  laser  shot,  are  assembled  into  the  desired 
3-D  pattern.  Alternating  the  ribbon  material  between  a  metal  and  a  dielectric,  for  example, 
allows  us  to  fabricate  three-dimensional  multilayer  structures  like  parallel-plate  capacitors. 

The  MAPLE  DW  system  can  also  be  operated  in  a  laser  micromachining  mode  or  a  laser 
sintering  mode  by  removing  the  ribbon.  This  provides  the  capability  for  etching  grooves  or  vias 
in  the  substrate,  or  surface  annealing,  sintering,  or  etching  of  individual  components  to  improve 
their  performance  or  dimensional  accuracy.  See,  for  example.  Pique  et  al.  [2000]  and  Chrisey  et 
al.  [2000b]  for  improvements  to  the  electronic  properties  of  oxide  ceramics.  For  infrared  (IR) 
laser  wavelengths  (1  to  10pm),  the  penetration  depth  is  on  the  order  of  microns  for  a  variety  of 
materials  allowing  the  benefits  of  higher-temperature  processing  on  thermally  sensitive 
substrates.  Ultimately,  laser  annealing  might  allow  the  decomposition  and  reaction  of 
organometallic  precursors  for  transfers  onto  substrates  that  cannot  tolerate  processing  at 
temperatures  above  the  boiling  point  of  water,  (e.g.,  biomaterials).  It  might  also  allow  some 
degree  of  bulk  diffusion  and  sintering  of  ceramics  for  transfers  onto  substrates  that  can  tolerate 
heating  to  a  few  hundred  degrees  for  a  short  period  of  time  (e.g.,  polyimide). 

Advances  in  the  research  community's  understanding  of  new  materials  and  laser-material 
interactions  have  driven  the  progress  evident  in  direct  writing  of  electronic  materials.  On  the 
other  hand,  recent  advances  in  the  direct  writing  of  biomaterials  have  been  driven  by  progress  in 
UV-laser  based  transfer  technology.  MAPLE  DW  in  particular  can  be  an  extremely  gentle 
process.  Using  ribbons  made  of  an  aqueous  composite  mixture,  we  have  been  able  to  transfer 
patterns  of  viable  bacteria  such  as  E.  coli  onto  various  substrates  [Ringeisen  et  al.,  2001]. 


^  http://www.cyberware.com/products/decimate.html 
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The  capabilities  offered  by  the  MAPLE  DW  technique  have  opened  up  the  possibility  of 
integrating  bio-structures  with  electronic  devices  on  the  same  substrate  for  rapidly  prototyping 
unique  cell-based  biosensors  and  bio-electronic  interfaces.  Clearly,  the  ability  to  generate 
components  on  demand,  any  place,  on  any  substrate,  and  in  a  matter  of  minutes  instead  of  weeks, 
provides  us  with  a  unique  opportunity  for  bringing  new  designs  to  life  that  can  only  be  dreamed 
of  with  today's  manufacturing  techniques. 


Fused  Deposition  Modeling  for  Microstructure  Visualization 

An  SFF  model  for  the  microstructure  of  a  steel  alloy  is  shown  in  Figure  6A.  This  model 
was  fabricated  using  the  Stratasys  Fused  Deposition  Modeling  (FDM)  process‘d.  It  depicts  a  3-D 
austenite  grain  within  the  alloy  where  the  white  solid  represents  the  cementite  decorated  grain 
boundary  and  cementite  precipitates  and  the  empty  space  represents  the  austenite  phase.  The 
material  is  a  Fe-1.3%C-13%Mn  model  steel  alloy  that  was  isothermally  heat-treated  at  650°C  for 
50  sec.  A  series  of  128  images  of  the  grain  was  taken  by  optical  microscopy  from  serial  sections 
at  0.2pm  depth  increments  (Figure  6B).  They  were  read  into  a  Solid  Model  Builder  program 
developed  by  the  University  of  Michigan  [Marsan  and  Dutta,  1996].  Each  image  was  used  to 
generate  one  slice  for  the  FDM  of  the  solid  model. 

The  microstructures  were  generated  and  analyzed  by  Krai  et  al.  [2000]  at  the  NRL.  This 
work  was  performed  to  develop  better  understanding  of  the  true  3-D  morphology  and 
distribution  of  the  solid-state  precipitates  in  structural  metal  alloys.  This  understanding  is 
important  for  the  control  of  microstructure  features  that  have  a  direct  influence  on  the 
mechanical  properties  of  components.  Microstructural  characterization  via  conventional 
microscopy  provides  only  2-D  views  from  which  3-D  information  can  be  inferred,  often 
erroneously.  Three-dimensional  analysis  of  microstructures  gives  accurate  information  on  the 
nature  of  the  grain  boundaries,  the  origin  of  the  precipitates,  and  the  shape,  dimensions  and 
distribution  of  the  precipitates.  This  information  makes  quantification  of  microstructure  and  its 
relation  to  material  behavior  more  meaningful. 

Three-dimensional  microstructures  have  been  mathematically  reconstructed  using  the 
serial  sections  and  can  be  viewed  in  3D  using  a  Silicon  Graphics  Imaging  system.  The  image  can 
be  rotated  and  translated  as  it  is  studied.  However,  3D  microstructures  are  best  studied  when 
viewed  as  solid  models.  Microstructures  inherently  have  complex  geometries  and  their  solid 
models  can  only  be  reproduced  by  SFF  techniques  thus  highlighting  a  significant  benefit  of  the 
technology. 


Future  Work  at  the  NRL 

Continued  research  on  the  MAPLE  DW  process  and  capabilities  and  use  of  the  LOMS 
for  rapid  fabrication  of  ceramic-based  components  is  planned.  The  anticipated  addition  of  a  tape¬ 
casting  machine  for  creating  ceramic-polymer  precursor  materials  for  the  LOMS  will  lead  to  a 
number  of  new  materials  related  investigations.  There  is  also  potential  interest  in  investigating 
the  use  of  SFF  related  techniques  for  creating  hierarchically  structured  materials  with  enhanced 
and  multifunctional  performance.  Examples  might  include:  tailoring  the  fracture  resistance  of 
ceramic-polymer  composites  and  the  dielectric  properties  of  capacitor  ceramics  through 
hierarchical  patterning. 


In  collaboration  with  the  University  of  Michigan- Ann  Arbor. 
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Figures 


Expansion  of  the  first  and 


Figure  1:  Schematic  cross-sectional  view  of 
the  telescoping  actuator. 


Figure  2A  and  2B:  Optical  micrographs 
showing  a  bottom  view  of  the  consolidated 
telescoping  actuators  made  with  an 
unsatisfactory  tape  formulation  (A)  and  a 
satisfactory  tape  formulation  (B).  Note  that 
the  outer  cylinder  diameter  is  2.5  cm. 


Figure  3.  LOMS  pattern  and  molds  for  a  micro-air  vehicle  fuselage. 


Figure  4.  Human  spine  model  created  with  the  LOMS  from  the  CT-scan  data. 
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Alignment/Imaging 


A 


Workpiece  Translation  Stage 


Figure  5:  Schematic  diagram  of  the  MAPLE  DW  process. 


Figure  6A  and  6B:  (A)  FDM  model  of  cementite  precipitates  and  austenite  grain  in  a  high 
earbon  steel,  and  (B)  a  portion  of  the  staek  of  250  images  of  optical  microstructures  used  as 
slices  for  the  FDM  process. 
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Solid  Freeform  Fabrication: 

An  Historical  Perspective 
Joseph  J.  Beaman 
The  University  of  Texas 
Austin,  Texas 

Today,  several  new  technologies  are  capable  of  producing  complex  freeform  solid  objects 
directly  from  a  computer  model  of  an  object  without  part-specific  tooling  or  knowledge.  They 
are,  for  the  most  part,  additive  processes  and  have  been  termed  Solid  Freeform  Fabrication.  In 
this  paper,  an  historical  perspective  is  given  for  this  relatively  new  field. 

Symposium  History 

The  name  Solid  Freeform  Fabrication  (SFF)  grew  out  of  the  name  for  a  symposium  at  the 
University  of  Texas  at  Austin  (UT).  This  group  was  composed  largely  of  representatives  from 
companies  forming  beta  sites  for  the  SLS  machines  being  designed  and  built  by  DTM.  In  1987 
and  1988,  meetings  of  the  group  were  held  both  on  the  UT  campus  and  at  host  industrial  sites, 
including  Ford  and  United  Technologies  Research  Center.  Based  on  the  successful  discussions 
and  presentations  at  these  meetings,  under  the  leadership  of  Harris  Marcus  of  UT,  a  formal  SFF 
Workshop  of  researchers  in  the  area  was  held  in  1989  at  UT.  Held  in  a  conference  room  in  the 
College  of  Engineering,  approximately  20  researchers  presented  7  formal  presentations  of 
research  and  development  in  the  area  of  SLS  were  given  by  the  academic  participants  over  1.5 
days.  The  formal  presentation  format  of  the  Workshop  was  well  received  by  the  small  group. 
Encouraged  by  this,  an  organizing  committee  was  formed  to  offer  in  1990  an  open  research 
conference  on  SFF.  This  meeting  was  the  first  SFF  Symposium,  held  in  Austin  on  August  6-8, 
1990.  Seventeen  talks  were  presented  with  54  participants  at  the  meeting.  Ten  presentations 
were  by  the  UT  group  with  external  representation  by  notable  researchers  including  Ely  Sachs, 
Mike  Cima,  Paul  Fussell,  Lee  Weiss,  Fritz  Prinz  and  Dick  Chartoff.  The  first  proceedings  of  the 
meeting  were  hardbound  published  and  were  1 87  pages  long.  At  this  meeting,  and  as  what 
turned  out  to  be  the  operating  guideline  for  all  the  following  SFF  Symposium,  no  explicit 
commercial  talks  or  presentations  were  given.  The  spirit  of  the  meeting  was  for  open  exchange  to 
promote  the  research  and  development  of  the  many  SFF  approaches  that  were  being  investigated. 

The  meeting  grew  each  year  to  a  steady  state  attendance  of  about  150  people  over  the  next  seven 
years.  In  that  period,  the  diversity  of  topics  expanded  considerably  to  a  wide  variety  of 
techniques  and  processes.  Harris  Marcus  chaired  the  organizing  committee  for  the  1990  through 
1995  meeting.  Since  1996,  David  Bourell  has  chaired  the  organizing  committee.  The  focus  of 
the  meeting  has  been  on  reporting  of  current  research  in  the  field. 

The  SFF  Symposium  is  the  longest  continuous  annual  meeting  in  the  field  of  freeform  fabrication 
and  is  one  of  the  oldest  such  forums.  In  2001,  the  12'’’  Annual  SFF  Symposium  hosted  almost 
130  participants  from  13  countries.  Approximately  one  third  of  the  meeting  attendees  are 
students.  The  remaining  participants  represented  foreign  and  domestic  universities  (50%)  and 
industry  (35%),  with  the  balance  from  national  and  government  laboratories.  The  2001 
proceedings  contains  almost  70  papers. 
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Prehistory  of  Solid  Freeform  Fabrication 

Of  course,  Solid  Freeform  Fabrication  did  not  magically  appear  in  the  1980’s.  It  grew  out  of  at 
least  two  early  roots:  topography  and  photosculpture. 

Topography 

As  early  as  1890,  Blanther  (Blanther,  1892)  suggested  a  layered  method  for  making  a  mold  for 
topographical  relief  maps.  The  method  consisted  of  impressing  topographical  contour  lines  on  a 
series  of  wax  plates  and  cutting  these  wax  plates  on  these  lines.  After  stacking  and  smoothing 
these  wax  sections,  one  obtains  both  a  positive  and  negative  three-dimensional  surfaces  that 
correspond  to  the  terrain  indicated  by  the  contour  lines.  After  suitable  backing  of  these  surfaces, 
a  paper  map  is  then  pressed  between  the  positive  and  negative  forms  to  create  a  raised  relief  map. 
This  is  shown  in  Figure  1 . 

J.  E.  BLANTHER. 

MANUFACTURE  OF  CONTOUR  RELIEF  MAPS. _ 


No.  473.901.  Patented  May  3,  1892. 


Figure  1:  Blanther  patent  to  fabricate  3-D  relief  map  with  layered  method. 

In  a  similar  fashion,  Perera  (Perera,  1940)  proposed  a  method  for  making  a  relief  map  by  cutting 
contour  lines  on  sheets  (cardboard)  and  then  stacking  and  pasting  these  sheets  to  form  a  three- 
dimensional  map.  Further  refinements  of  this  approach  are  found  in  Zang  (Zang,  1964)  who 
suggested  using  transparent  plates  with  topographical  detail  inscribed  on  each  plate  and  Gaskin 
(Gaskin,  1973)  who  described  a  three  dimensional  geological  teaching  device.  In  1972, 

Matsubara  of  Mitsubishi  Motors  (Matsubara,  1974)  proposed  a  topographical  process  that  uses 
photo-hardening  materials.  In  this  process,  a  photopolymer  resin  is  coated  onto  refractory 
particles  (e.g.,  graphite  powder  or  sand).  These  coated  particles  are  then  spread  into  a  layer  and 
heated  to  form  a  coherent  sheet.  Light  (e.g..  Mercury  vapor  lamp)  is  then  selectively  projected  or 
scanned  onto  this  sheet  to  harden  a  defined  portion  of  it.  The  unscanned,  unhardened  portion  is 
dissolved  away  by  a  solvent.  The  thin  layers  formed  in  this  way  are  subsequently  stacked  together 
to  form  a  casting  mold.  In  1974,  DiMatteo  (DiMatteo,  1976)  recognized  that  these  same  stacking 
techniques  could  be  used  to  produce  surfaces  that  are  particularly  difficult  to  fabricate  by 
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standard  machining  operations.  Examples  he  mentions  include  propellers,  airfoils,  three- 
dimensional  cams,  and  forming  of  dies  for  punch  presses.  In  one  embodiment,  a  milling  cutter 
contours  metallic  sheets,  these  sheets  are  then  joined  in  layered  fashion  by  adhesion,  bolts,  or 
tapered  rods  as  depicted  in  figure  2.  This  process  has  obvious  similarity  to  the  earlier  19th 
century  work. 


Figure  2:  Layered  mold  by  DiMatteo  (1974). 

In  1979,  Professor  Nakagawa  of  Tokyo  University  began  to  use  lamination  techniques  to  produce 
actual  tools  such  as  blanking  tools  (Nakagawa,  et  al  1979),  press  forming  tools  (Kunieda  and 
Nakagawa  1984),  and  injection  molding  tools  (Nakagawa,  et  al  1985).  A  laminated  punch  tool 
and  the  resultant  part  are  shown  in  Figure  3. 


Figure  3:  Laminated  tool  (unfinished)  by  Nakagawa  (1984) 

Work  continues  in  this  area  today,  with  the  recent  formation  of  Solidica  (2000),  which  combines 
lamination  with  ultrasonic  welding  and  milling  to  create  a  tool. 

Photosculpture 

Photosculpture  arose  in  the  19th  century  as  an  attempt  to  create  exact  three-dimensional  replicas 
of  any  object  -  including  human  forms  (Bogart,  1979).  One,  somewhat  successful  realization  of 
this  technology,  was  designed  by  Frenchman  Fran9ois  Willeme  in  1860.  As  shown  in  Figure  4,  a 
subject  or  object  was  placed  in  a  circular  room  and  simultaneously  photographed  by  24  cameras 
placed  equally  about  the  circumference  of  the  room.  An  artisan  then  carved  a  1/24*  cylindrical 
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portion  of  the  figure  using  a  silhouette  of  each  photograph  as  seen  in  Figure  5. 


Figure  4: 1860’s  photosculpture  Figure  5:  Solid  reproduction  from  Willcme’s  photosulpturc 


In  an  attempt  to  alleviate  the  labor-intensive  carving  step  of  Willeme's  photosculpture,  Baese 
(Baese,  1904)  described  a  technique  using  graduated  light  to  expose  photosensitive  gelatin  that 
expands  in  proportion  to  exposure  when  treated  with  water.  Annular  rings  of  this  treated  gelatin 
could  then  be  fixed  on  a  support  to  make  a  replica  of  an  object  as  shown  in  Figure  6. 

No.  774,549.  PATENTED  NOV.  8.  1004. 

C.  BAESE. 

PHOTOORAPHIC  PROCESS  FOR  THE  BEPEODDCTION  OF  PLASTIC  OBJECTS. 

*  i?fLI04T10I  FILI  D  KiT  IT.  l»01. 

*0  model.  JISEETI-IHEET  1. 


Figure  6:  Baese  photosculpture  technique. 
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Monteah  developed  similar  techniques  (Monteah,  1924).  In  some  of  the  earliest  work  in  Japan, 
Morioka  (Mori oka,  1935,1944)  developed  a  hybrid  process  between  photosculpture  and 
topography.  This  method  uses  structured  light  (black  and  white  bands  of  light)  to 
photographically  create  contour  lines  of  an  object.  These  lines  could  then  be  developed  into 
sheets  and  then  cut  and  stacked  or  projected  onto  stock  material  for  carving. 

In  1951,  Munz  (Munz,  1956)  proposed  a  system  that  has  features  of  present  day 
stereolithography  techniques.  He  disclosed  a  system  for  selectively  exposing  a  transparent  photo 
emulsion  in  a  layerwise  fashion  where  each  layer  comes  from  a  cross  section  of  a  scanned  object. 
Lowering  a  piston  in  a  cylinder  and  adding  appropriate  amounts  of  photo  emulsion  and  fixing 
agent  create  these  layers.  After  exposing  and  fixing,  the  resulting  solid  transparent  cylinder 
contains  an  image  of  the  object.  Subsequently  this  object  can  be  manually  carved  or 
photochemically  etched  out  to  create  a  three-dimensional  object.  This  system  is  shown  in  figure 
7. 


Dec.  25,  1956  o.  j,  munz  2,T75,7S8 


?H0TC-5LY?H  HSCCBDZSC 

nifd  toy  25.  1951  2  I 


Figure  7:  Photopolymer  technique  of  Munz 
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Early  Solid  Freeform  Fabrication 

In  1968,  Swainson  (Swainson,  1977)  proposed  a  process  to  directly  fabricate  a  plastic  pattern  by 
selective,  three  dimensional  polymerization  of  a  photosensitive  polymer  at  the  intersection  of  two 
laser  beams.  Parallel  work  was  conducted  at  Battelle  Laboratories  (Schwerzel,  1984).  The 
essential  features  of  this  process,  termed  Photochemical  Machining,  are  depicted  in  Figure  8.The 
object  is  formed  by  either  photochemically  crosslinking  or  degrading  a  polymer  by  simultaneous 
exposure  to  intersecting  laser  beams.  Although  laboratory  hardware  was  constructed,  it  is  not 
believed  that  a  commercially  viable  process  was  achieved. 


LAS£/i 


Figure  8:  Photochemical  SFF  system  of  Swainson 

Ciraud  proposed  a  powder  process  that  has  all  the  features  of  modem  direct  deposition  SFF 
techniques  in  1971  (Ciraud,  1972).  This  disclosure  describes  a  process  for  the  manufacture  of 
objects  from  a  variety  of  materials  that  are  at  least  partially  able  to  melt.  In  order  to  produce  an 
object,  small  particles  are  applied  to  a  matrix  by  gravity,  magnetostatics,  electrostatics,  or 
positioned  by  a  nozzle  located  near  the  matrix.  A  laser,  electron  beam,  or  plasma  beam  then  heats 
the  particles  locally.  As  a  consequence  of  this  heating,  the  particles  adhere  to  each  other  to  form  a 
continuous  layer.  As  shown  in  Figure  9,  more  than  one  laser  beam  can  be  used  to  increase  the 
strength  of  the  union  between  the  particles. 


Figure  9:  Powder  SFF  process  of  Ciraud. 
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Housholder  (1979)  presented  the  earliest  description  of  a  powder  laser  sintering  process  in  a 
patent.  He  discussed  sequentially  depositing  planar  layers  and  solidifying  a  portion  of  each  layer 
selectively.  The  solidification  can  be  achieved  by  using  heat  and  a  selected  mask  or  by  using  a 
controlled  heat  scanning  process  (Figure  10). 


Figure  10:  Powder  process  of  Housholder. 

Hideo  Kodama  of  Nagoya  Municipal  Industrial  Research  Institute  was  the  first  to  publish  an 
account  of  a  functional  photopolymer  rapid  prototyping  system  (Kodama,  1981).  In  his  method,  a 
solid  model  is  fabricated  by  building  up  a  part  in  layers  where  exposed  areas  correspond  to  a 
cross-section  in  the  model.  He  studied  three  different  methods  for  achieving  this: 

(a)  Using  a  mask  to  control  exposure  of  UV  source  and  immersing  the  model  downward  into 
a  liquid  photopolymer  vat  to  create  new  layers. 

(b)  Using  a  mask,  as  in  (1),  but  the  mask  and  exposure  is  positioned  on  the  bottom  of  the  vat 
and  the  model  is  drawn  upward  to  create  a  new  layer. 

(c)  Immersing  the  model,  as  in  (1),  but  using  an  x-y  plotter  and  an  optical  fiber  to  expose  the 
new  layer.  (See  Figure  11). 
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Figure  11:  Stercolithigraphy  systems  of  Kodama 

Herbert  conducted  a  second,  parallel  but  independent,  effort  at  3M  (Herbert,  1982).  Herbert 
describes  a  system  that  directs  a  UV  laser  beam  to  a  photopolymer  layer  by  means  of  a  mirror 
system  on  an  x-y  plotter.  (See  Figure  12)  In  Herbert’s  experimental  technique,  a  computer  was 
used  to  command  a  laser  beam  across  a  layer,  the  photopolymer  vessel  was  then  lowered 
(1mm),  and  additional  liquid  photopolymer  was  then  added  to  create  a  new  layer. 


Solid  generation  apparatus. 


Figure  12:  Stereolithography  system  of  Herbert 

Although  we  are  now  accustomed  to  very  intricate  parts  produced  by  freeform  fabrication 
equipment,  the  first  parts  out  of  these  types  of  systems  required  a  good  deal  of  faith  that 
improvements  would  occur.  Shown  in  Figure  13  are  three  early  parts  from  different  systems.  The 
Housholder  part  was  made  from  an  embodiment  that  includes  a  grid  for  separating  mold  material 
(concrete  and  water)  from  casting  material  (dry  concrete).  The  Herbert  part  was  created  in  August 
1979.  The  author  does  not  know  exactly  when  the  Kodama  and  Housholder  parts  were  created. 


Commercial  De  velopment 

In  the  earliest  commercial  development,  Willeme’s  photosculpture  studio  was  commercially 
successful  from  1861  to  1868  but  eventually  closed,  probably  due  to  the  labor  involved  in  hand 
sculpting  with  a  pantographic  (tracing)  instrument.  The  next  known  commercial  attempt  was  the 
formation  of  Formagraphic  Engine  Co.  in  1977  by  Swainson.  Formagraphic  later  formed  an 
alliance  with  Battelle  Laboratories  and  changed  its  name  to  Omtec  Replication.  It  appears  that 
this  effort  was  abandoned  before  a  commercial  process  was  developed.  Also  in  1977,  DiMatteo 
formed  a  company  called  Solid  Photography,  which  was  spun  out  of  Dynell  Electronics 
Corporation  when  Dynell  merged  with  United  Technologies.  As  a  result,  an  affiliated  retail  outlet 
called  Sculpture  by  Solid  Photography  was  opened  in  New  York  City.  In  this  commercial 
endeavor,  a  subject  was  first  photographed  with  structured  lighting.  From  this  photograph,  a 
computer  was  used  to  create  layered  cutting  paths  in  order  to  carve  out  a  rough  rendition  of  the 
subject  which  was  subsequently  smoothed  to  create  a  three  dimensional  likeness.  In  1981,  Solid 
Photography  changed  its  name  to  Robotic  Vision.  Solid  Photography  and  another  company.  Solid 
Copier,  operated  as  subsidiaries  of  Robotic  Vision  until  1989  (Lightman,  1996).  The  following 
photographs  show  the  process  steps. 


Figure  14;  Sculpture  by  Solid  Photography  process  (No  longer  in  business)  (Photos  courtesy  of  SOHO  Image 
Works) 

The  most  important  commercial  development  was  the  F'  shipment  of  a  stereolithography 
machine  by  3D  Systems  in  1988.  This  was  the  first  SFF  system  that  was  widely  used  by 
customers  in  a  commercial  setting. 

Summary 

Figure  15  displays  the  overall  chronology  of  Solid  Freeform  Fabrication.  This  chronology  should 
not  be  considered  complete;  it  indicates  some  (but  not  all)  of  the  major  time  events  in  this  rapidly 
changing  field.  One  glaring  omission  is  the  extremely  important  government  funding  that  was  a 
catalyst  for  much  of  the  growth  in  SFF.  Of  special  note  were  programs  at  NSF  like  the  Strategic 
Manufacturing  Initiative  in  1989,  the  programs  of  Dr.  Ralph  Wachter  and  Dr.  Steve  Fishman  at 
ONR  and  the  initiatives  of  Dr.  Bill  Coblenz  and  Dr.  Robert  Crowe  at  DARPA. 
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TOPOGRAPHY 


PHOTOSCULPTURE 


Blanther  patent  filed 

1890 

1860 

Perera  patent  filed 

1937 

1902 

Zang  patent  filed 

1962 

1922 

Gaskin  patent  filed 

1971 

1933 

Matsubara  patent  filed 

1972 

1940 

DiMatteo  patent  filed 

1974 

1951 

Nakagawa  laminated 

1979 

fabrication  of  tools 

1 

Willeme  photosculpture 
Baese  patent  filed 
Monteah  patent  filed 
Morioka  patent  filed 
Morioka  patent  filed 
Munz  patent  filed 


1968 


Swainson  patent  filed 


1972 


Ciraud  disclosure 


Figure  15;  SFF  Chronology 


1979  Housholder  patent  filed 
1981  Kodama  publication 


1982 


Herbert  publication 


1984 


Maruntani  patent  filed,  Masters  patent  filed, 
Andre  patent  filed,  Hull  patent  filed 


1985  Helisys  founded 
Denken  venture  started 

1986  Pomerantz  patent  filed,  Feygin  patent  filed 

Deckard  patent  filed,  3D  founded, Light  Sculpting  started 


1987  Fudim  patent  filed,  Arcella  patent  filed,  Cubital  founded 
DTM  founded,  Dupont  Somos  venture  started 

1988  1st  shipment  by  3D,  CMET  founded,  Stratasys  founded 


1989 

1990 

1991 

1992 
1994 


Crump  patent  filed,  Helinski  patent  filed 

Marcus  patent  filed,  Sachs  patent  filed 

EOS  founded,  BPM  founded 

Levent  patent  filed,  Quadrax  founded,  DMEC  founded 

Teijen  Seiki  venture  started 

Foeckele  &  Schwarze  founded,  Soligen  founded 

Melko  founded,  Mitsui  venture  started 

Penn  patent  filed,  Quadrax  acquired  by  3D 

Kira  venture  started,  Laser  3D  founded 

Sanders  Prototyping  started 


1995 


Aaroflex  venture  started 


1997 


Aeromet  formed,  Optomec  restarted, 
Z  Corp  started 


1998 

1999 

2000 
2001 


Objet  founded 
POM  founded,  BPM  closed 
Helisys  closed,  Solidica  started 
3D  and  DTM  merge 
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ABSTRACT 

The  SFF/RP  industry  has  grown  steadily  with  the  most  significant  gains  made  in  the  number 
of  models  produced  per  year  -  three  million  in  the  year  2000.  Future  growth  is  most  likely  to  be 
in  manufacturing  applications  of  SFF  where  even  a  single  application  can  double  the  number  of 
models/parts  produced  annually.  There  are  a  number  of  factors  or  drivers  which  can  motivate  a 
manufacturing  application  of  SFF  either  individually  or  in  combination.  These  drivers  include: 
i.  avoid  conventional  tooling,  ii.  minimizing  hand  work,  in.  mass  customization,  /v.  geometric 
flexibility,  v.  local  control  of  composition.  The  most  intriguing  of  these  drivers  is  that  of  mass 
customization  -  the  manufacture  of  highly  individual  products,  but  on  a  mass  scale.  SFF  offers 
the  possibility  of  mass  customization  of  components  with  complex  3D  geometry.  A  prominent 
current  example  is  that  of  Align  Technology  of  Santa  Clara,  CA  which  produces  unique  plastic 
aligners  for  orthodontic  applications. 

There  already  are  manufacturing  applications  where  the  advantages  offered  by  SFF  are  so 
compelling  as  to  overcome  any  barriers.  However,  widespread  impact  of  SFF  on  manufacturing 
will  depend  on  overcoming  several  barriers.  The  essence  of  these  barriers  lies  in  the  distinction 
between  prototyping  and  manufacturing.  Manufacturing  applications  are  far  more  demanding  in 
terms  of  build  rate  and  associated  cost,  demands  on  dimensional  control  and  tolerances, 
properties  of  materials,  and  ease  of  use  and  serviceability  of  equipment. 


INTRODUCTION 


Intent  of  Paper 

This  paper  will  examine  the  impact  of  SFF  on  manufacturing  and  the  importance  of 
manufacturing  applications  to  the  future  growth  of  the  SFF  industry.  It  must  be  said  at  the  outset 
that  this  paper  is  not  an  exhaustive  review  of  manufacturing  applications.  Rather,  the  goal  is  to 
gain  a  sense  of: 

•  The  drivers  for  manufacturing  -  factors  which  make  an  application  well  suited  to 
manufacturing  by  SFF. 
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•  Barriers  to  manufacturing  by  SFF  -  generic  issues  that  arise  when  attempting  to 
manufacture  by  SFF. 

A  great  deal  of  the  information  and  the  thoughts  for  this  paper  were  derived  through 
discussions  with  leaders  in  the  industries.  These  discussions  are  acknowledged  as  reference 
citations. 


Industry  Status 

The  recent  growth  of  the  SFF  industry  may  be  represented  in  a  variety  of  ways  including  by 
dollar  volume,  number  of  participating  machine  suppliers,  and  number  of  machines  sold. 

Perhaps  the  metric  which  is  most  relevant  to  the  role  of  SFF  in  manufacturing  is  the  number  of 
models  made  across  the  entire  SFF  industry  as  a  function  of  time.  Fig.  1  presents  data  on  the 
number  of  models  made  over  the  past  three  years  [1].  The  SFF  industry  has  experienced  steady 
and  significant  growth  in  the  number  of  models  made  with  three  million  models  per  year  having 
been  made  during  the  most  recent  fully  reported  year  -  2000.  In  fact,  while  the  SFF  industry  has 
grown  in  both  total  revenue  and  in  machine  sales,  the  growth  in  the  number  of  models  made  per 
year  has  been  the  fastest  aspect  of  the  growth  of  the  industry. 

Fig.  2  shows  the  breakdown  of  SFF  applications  by  industry  [1].  What  is  significant  about 
this  pie  chart  is  that  two  industries  (motor  vehicles  and  consumer  products)  together  account  for 
more  than  half  of  SFF  applications.  Note,  however,  that  medical,  govemment/military,  and 
aerospace  together  account  for  only  23%  of  total  applications  at  the  present  time. 


Forecast 

Fig.  3  shows,  in  a  rough  way,  a  forecast  for  the  future  growth  for  the  SFF  industry  [1].  As 
can  be  seen,  Wohlers  has  divided  the  field  into  three  categories.  “Prototyping”  refers  to  the 
classic  applications  which  provided  the  foundation  for  the  rapid  prototyping  industry.  A  second 
category  is  referred  to  as  “3D  printing”.  In  this  figure,  Wohlers  uses  the  term  3D  printing  to 
refer  to  the  lower  cost  machines  which  have  become  available  in  the  past  few  years  and  which 
are  often  referred  to  as  “office  modeling  machines”.  These  machines  include  the  3D  Systems 
Thermojet,  the  Prodigy  from  Stratasys  and  the  machines  from  Z  Corp.  (The  Z  Corp.  machines 
are  based  on  MIT’s  Three  Dimensional  Printing  process,  which  is  itself  referred  to  as  3D 
Printing.  Thus,  the  terminology  used  in  fig.  3  from  Wohlers  might  be  subject  to  confusion. 
Wohlers  is  referring  to  the  entire  field  of  office  modelers  when  he  uses  the  term  3D  printing.) 
The  third  category  in  fig.  3  is  ealled  “Rapid  Manufacturing”  -  the  subject  of  this  paper. 

The  first  message  from  fig.  3  is  that  the  total  need  for  prototypes  is  forecast  to  remain 
roughly  flat.  However,  there  is  forecast  a  significant  realignment  within  the  industry  as  the  low 
cost  “officer  modelers”  or  “3D  printers”  assume  a  larger  market  share  of  these  prototyping 
applications.  This  is  already  taking  place  as  the  speed,  accuracy,  and  materials  properties  of  the 
office  modelers,  continue  to  improve. 


The  second  key  point  from  fig.  3  is  that  the  anticipated  future  growth  of  the  SFF  industry  will 
be  provided  by  manufacturing  applications.  That  this  is  likely  the  case  can  be  understood  by 
referring  back  to  fig.  1  and  noting  that  in  the  most  recent  year  three  million  models  were  made 
by  SFF.  While  three  million  prototypes  has  a  very  significant  impact  on  the  design  process  and 
the  quality  of  the  final  designs,  it  is  a  small  number  in  the  context  of  manufacturing.  As  we  will 
see,  a  single  manufacturing  application  can  double  the  number  of  models  made  per  year.  Thus, 
the  forecast  that  the  growth  of  the  industry  vies  with  manufacturing  seems  quite  sensible.  If  this 
is  to  be  the  case,  we  will  also  expect  that  in  the  future,  the  distribution  of  applications  by  industry 
will  be  quite  different  than  that  shown  in  fig.  2.  As  noted,  the  medical,  aerospace  and  military 
applications  total  less  than  a  quarter  of  the  applications.  However,  as  we  will  see,  these  are  the 
industries  that  have  the  greatest  near  term  potential  for  manufacturing  by  SFF.  Accordingly,  we 
would  expect  this  pie  chart  to  change  over  time  to  reflect  the  increased  importance  of  these  three 
application  areas. 

It  should  be  noted  that  the  author  is  not  quite  as  pessimistic  as  Wohlers  as  to  the  flat  forecast 
for  prototyping  applications.  Indeed,  a  substantial  reduction  in  machine  cost  might  result  in 
some  significant  growth  in  prototyping  applications.  Nonetheless,  the  key  points  of  the 
importance  of  the  office  modelers  to  prototyping  and  especially  of  the  importance  of 
manufacturing  applications  to  the  growth  of  SFF  are  undoubtedly  on  target. 


DRIVERS  FOR  MANUFACTURING  BY  SFF 


In  the  growing  number  of  cases  where  SFF  is  used  to  manufacture  components,  the 
competitive  advantage  of  SFF  can  be  traced  to  one  or  more  of  the  following  “drivers”: 

•  Avoid  conventional  tooling 

•  Minimizing  hand  work 

•  Mass  customization 

•  Geometric  flexibility 

•  Local  control  of  composition 


A  given  application  may  gain  its  competitive  advantage  from  a  single  one  of  these  drivers. 
However,  often,  two  or  more  of  these  drivers  are  acting  simultaneously.  Each  of  these  drivers 
will  be  examined  and  some  applications  presented. 


Avoiding  Conventional  Tooling 

The  manufacture  of  hard  tooling  is  notoriously  time  consuming  and  expensive.  For  this 
reason,  the  use  of  SFF  to  avoid  the  fabrication  of  conventional  tooling  has  been  the  most 
common  driver  for  manufacturing  by  SFF.  Indeed,  such  tooling  avoidance  has  also  played  a 
large  role  in  the  prototyping  implications  of  the  RP  field.  As  tooling  avoidance  is  perhaps  the 
best  documented  of  the  drivers  for  manufacture  by  SFF,  this  paper  will  provide  only  a 
representative  discussion. 
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SFF  can  be  used  to  avoid  conventional  tooling  either  by  using  tooling  made  by  SFF  or  by 
making  parts  directly  with  no  tooling  at  all.  One  example  of  each  of  these  approaches  will  be 
presented. 


Castings  -  An  Example  of  Tooling  Made  bv  SFF 

According  to  Wohlers,  castings  (prototypes  and  manufacturing)  account  for  6.3%  of  today’s 
SFF  market.  Indeed,  castings  were  one  of  the  first  major  areas  of  application  of  SFF. 

The  impact  of  SFF  on  castings  has  been  almost  exclusively  in  the  fabrication  of  castings  of 
complex  geometry  including  complex  sand  castings  and  especially  investment  castings.  In  this 
regard  there  is  a  strong  interplay  between  two  drivers  -  avoiding  conventional  tooling  and 
geometric  complexity  (see  later  section  on  geometric  complexity.)  As  an  example,  let  us 
consider  the  use  of  SFF  for  castings  at  Bell  Helicopter  [2].  Bell  Helicopter  makes  extensive  use 
of  stereolithography  “Quickcasf  ’  patterns  primarily  for  aluminum  investment  castings.  When 
Bell  is  designing  a  new  aircraft,  they  need  a  batch  of  four  to  six  pieces  which  are  often  made 
from  Quickcast  patterns.  They  destructively  test  one  and  the  others  go  into  test  vehicles.  As  the 
aircraft  moves  into  preproduction,  they  might  make  another  two  pieces,  again,  using  Quickcast 
patterns.  The  next  stage  is  a  ramp  up  to  production.  If  one  were  to  look  purely  at  the  economics 
(without  regard  to  timing  issues)  the  choice  would  be  to  make  eonventional  tooling  and  make 
wax  patterns.  This  would  be  the  economic  choice  because  at  this  point  the  number  of  patterns 
needed  would  justify  the  cost  of  the  tooling,  especially  given  the  fact  that  foundries  charge  a 
premium  for  making  a  casting  from  a  Quickcast  pattern  (this  premium  presumably  derives  from 
two  factors:  1 .  the  fact  that  extra  steps  are  required  to  bum  out  the  Quickcast  pattern  and  2.  the 
fact  that  Quickcast  patterns  are  normally  associated  with  expedited  delivery  times.)  However, 
Bell  often  enters  the  ramp  up  phase  with  stereolithography  patterns  due  to  timing  considerations. 
In  some  cases,  there  is  insufficient  lead  time  for  conventional  tooling  while  in  other  eases  an 
oversight  meant  that  tooling  was  not  ordered  even  when  there  was  time  to  do  so.  For  these 
reasons,  it  is  now  eommon  for  aluminum  castings  derived  from  Quickcast  patterns  to  be  used  in 
production  vehicles.  In  some  cases,  such  castings  can  account  for  a  “large  percentage”  of  the 
total  castings  in  a  vehicle. 


Plastic  Parts  -  Avoiding  Tooling 

SFF  is  used  to  avoid  eonventional  tooling  by  the  direct  fabrication  of  parts  which  would  be 
normally  made  through  tooling.  An  intriguing  example  is  the  fabrication  of  plastic  parts  which 
would  normally  be  made  by  injection  molding.  Fig.  4  shows  cost  projections  for  a  small  plastic 
handle  which  is  pictured  as  both  a  stereolithography  part  and  a  part  made  by  selective  laser 
sintering  on  an  EOS  machine.  As  this  information  comes  from  Phil  Dickens  and  Neil  Hopkinson 
at  De  Montfort  University  [3]  the  price  per  piece  is  presented  in  Euros.  The  price  for  the 
injeetion  molded  parts  is  based  on  quotations.  The  price  for  the  sintered  part  is  based  on  a 
capita]  cost  of  340,000  Euros  with  eight  year  straight  line  depreciation,  a  yearly  maintenance  cost 
of  30,000  Euros,  a  build  rate  of  17.7  parts  per  hour  based  on  building  1,056  parts  in  a  60  hour 
build,  and  7,884  hours  of  produetion  per  year.  This  projection  shows  that  the  cost  for  the 
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sintered  part  has  a  break  even  with  the  injeetion  molded  part  at  about  30,000  pieces.  Thus,  if  one 
expects  to  manufacture  fewer  than  30,000  pieces,  one  would  be  ahead  economically  with  the 
sintered  part  while  the  expectation  of  more  than  30,000  pieces  would  drive  one  toward  injection 
molding.  The  interesting  point  is  that  this  break  even  quantity  of  30,000  is  encouragingly  high  as 
there  might  be  quite  a  lot  of  plastic  components  which  one  would  desire  to  manufacture  in 
quantities  smaller  than  this.  It  should  be  noted  that  this  is  a  small  part  and  the  break  even 
quantity  would  decrease  quickly  with  increase  in  part  size.  Further,  this  economic  analysis 
assumes  that  no  finishing  is  required  of  the  sintered  part  in  order  to  perform  acceptably  in  the 
application. 

There  are  indeed  now  a  number  of  efforts  underway  to  make  direct  use  of  sintered  plastic 
parts.  An  example  is  the  intended  use  of  Duraform  polyamide  parts  by  Boeing  for  nonload 
bearing  applications  in  military  aircraft.  According  to  DTM’s  website,  such  applications  are 
now  under  study  for  certification. 


Driver:  Mass  Customization 

Perhaps  the  most  intriguing  single  driver  for  manufacture  by  SFF  is  that  of  mass 
customization.  In  its  cover  article  of  July  14, 2001,  the  Economist  Magazine  (see  fig.  5)  defines 
mass  customization  as  “the  manufacture  of  highly  individual  products,  but  on  a  mass  scale”.  The 
Economist  draws  an  analogy  between  “built  to  order”  approaches  to  manufacturing  systems  and 
mass  customization.  Indeed,  one  can  consider  mass  customization  to  be  a  logical  extension  of 
“pool”  or  “just  in  time”  or  “lean”  manufacturing  systems.  The  limiting  case  of  mass 
customization  is  that  a  single  unit  of  a  unique  product  is  made  to  order. 

The  application  of  SFF  to  mass  customization  is  intriguing  because  mass  customization  is  the 
founding  cornerstone  of  a  number  of  companies  which  are  leaders  in  their  respective  markets. 
For  example: 

•  Dell  Computer.  Dell  Computer  functions  by  defining  platforms  and  configuring  these 
platforms  (especially  the  software  aspect)  at  assembly.  As  is  well  known,  Dell  Computer  is 
now  the  market  leader  in  PCs. 

•  Swatch.  Swatch  provides  a  huge  variety  of  watches  starting  from  platforms  which  are 
configured  at  assembly  and  with  the  addition  of  small  amounts  of  custom  fabrication.  For 
example,  fig.  6  shows  Swatch  watches  built  to  order  for  the  Museum  of  Modem  Art  (note  the 
MOMA  insignia  on  the  watch  face  hands). 

•  Lenscrafters.  Lenscrafters  is  a  leader  in  eyewear  and  this  leadership  position  is  based  on 
a  stock  of  platforms  (frames)  and  custom  fabrication  of  the  lenses  using  specialized 
equipment  located  in  a  distributed  fashion  at  the  stores. 

In  one  perspective,  SFF  offers  the  key  to  mass  customization  opportunities  which  are  based 
primarily  on  3D  geometry.  There  are  now  several  intriguing  examples  which  illustrate  the 
potential  of  SFF  for  mass  customization. 

Align  Technology  of  Santa  Clara,  California  [4,  5].  Align  Technology  represents  a  new 
approach  to  orthodontics  where  a  sequence  of  plastic  aligners  is  used  to  move  the  teeth  (rather 


than  the  method  of  attachment  of  brackets  and  wires).  Fig.  7  shows  one  of  these  plastic  aligners. 
Align  Technology  is  also  an  excellent  example  of  mass  customization.  This  mass  customization 
is  accomplished  by  five  sequential  steps:  i.  a  physical  model  is  made,  ii.  a  virtual  model  is 
created  from  the  physical  model,  Hi.  the  virtual  model  is  edited,  iv.  a  tool  is  made  from  the 
virtual  model  using  SFF,  v.  aligners  are  formed  using  the  unique  and  disposable  tool.  An 
orthodontic  treatment  would  require  a  patient  to  wear  a  sequence  of  approximately  15  pairs 
(upper  and  lower,  of  aligners)  each  for  approximately  two  weeks.  Each  of  these  approximately 
30  aligners  is  unique. 

Fig.  8  shows  the  plaster  physical  model  which  is  made  by  casting  into  the  rubber  impression 
taken  in  the  orthodontist’s  office.  Up  to  this  point,  the  technology  is  quite  identical  to  that  in  use 
for  a  long  time  by  dentists  and  orthodontists.  Fig.  9  shows  a  sequence  of  images  depicting  the 
steps  required  to  create  a  point  cloud  of  data  which  can  be  mrned  into  a  virtual  model  of  the 
plaster  model  seen  in  fig.  8.  First  the  plaster  models  are  coated  with  an  epoxy.  They  are  then 
imbedded  in  a  solid  block  of  polyurethane.  Multiple  plaster  models  are  imbedded  in  a  single 
block.  The  block  is  placed  on  equipment  produced  by  CGI  Corporation  which  uses  a  destructive 
scanning  technique  to  produce  a  point  cloud.  The  block  is  milled  with  a  fly  cutter,  and  then  a 
scanner  is  used  to  create  a  2D  pixel  image  of  that  layer.  The  fly  cutter  then  removes  another 
layer  and  the  process  continues  to  deconstruct  the  physical  model  and  construct  a  point  cloud. 
Software  provided  by  Geomagic  of  Research  Triangle,  NC  is  used  to  create  the  virtual  model 
from  this  point  cloud.  In  the  next  step  depicted  in  fig.  10,  the  virtual  model  is  sliced  into 
individual  teeth  which  can  then  be  individually  manipulated.  As  shown  in  fig.  11,  software 
operators  begin  from  the  arrangement  of  the  teeth  in  the  patient  and  manipulate  the  physical 
model  and  progressively  reorient  the  teeth  in  small  amounts  until  they  are  in  the  final  desired 
position  (in  the  virtual  model).  This  is  a  time  consuming  process  which  is  performed  using 
custom  software.  At  the  present  time,  over  700  software  operators  in  Pakistan  perform  this 
operation  for  Align  Technology. 

In  the  next  step,  stereolithography  is  used  to  form  tools  which  will  later  be  used  for 
thermoforming.  At  the  present  time.  Align  Technology  has  16  SLA  7000  machine  with 
approximately  39  more  on  order.  Present  production  is  8,000  aligners  per  day  (accommodating 
approximately  230  patients  per  day).  As  an  estimate,  500  aligners  are  made  per  machine  per  day 
with  each  build  having  many  aligners  in  it  as  can  be  seen  in  fig.  12. 

The  final  step  is  to  thermoform  plastic  sheet  around  the  one  time  use  stereolithography  tool 
as  shown  in  fig.  13  and  then  to  hand  trim  this  formed  part.  Fig.  14  shows  aligners  in  bubble  pack 
about  to  be  sent  to  the  orthodontist.  This  forming  and  trimming  step  is  the  most  expensive  step, 
primarily  due  to  the  hand  labor  of  trimming.  This  step  is  performed  in  Mexico.  Align 
Technology  is  clearly  an  example  of  mass  customization  in  the  limiting  case  of  single  part  made 
to  unique  custom  order  (each  customer  actually  gets  about  30  unique  parts).  In  addition.  Align 
Technology  demonstrates  the  importance  of  geometric  flexibility  as  a  driver  for  solid  freeform 
fabrication.  Indeed,  Align  might  have  considered  milling  of  the  disposal  thermoforming  tools, 
but  favored  SFF  because  of  the  need  for  detail  in  the  regions  where  the  teeth  meet. 

It  is  interesting  to  note  that  SFF  is  not  the  most  expensive  step  of  the  Align  process  but  rather 
is  “in  the  middle”.  Most  interesting  to  note  is  that  even  at  the  young  stage  of  the  company,  at 
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their  current  rate  of  fabrication,  Align  Technologies  will  make  three  million  SFF  models  in  the 
coming  year.  This  single  manufacturing  application  will  double  the  number  of  SFF  models  over 
those  made  in  the  year  2000.  This  cogently  demonstrates  the  importance  of  manufacturing 
applications  to  the  future  of  SFF. 

Another  example  of  mass  customization,  again  the  medical  field,  is  that  of  hearing  aids  [6]. 

In  this  application,  being  developed  by  Siemens  Corporation  (others  are  pursuing  similar  goals), 
a  physical  model,  in  this  case,  a  rubber  model  molded  into  the  ear  and  ear  canal  of  the  patient  as 
illustrated  in  fig.  15,  is  the  first  step.  This  model  is  then  nondestructively  digitized  using  a  laser 
scanning  system  and  a  virtual  model  is  created  as  shown  in  fig.  16.  This  virtual  model  is  then 
rendered  as  a  shell  and  engineering  detail  such  as  the  auditory  channel  shown  in  fig.  17  is  added. 
Selective  laser  sintering  is  then  used  to  create  a  shell.  Fig.  18  shows  an  SLS  shell  on  the  right 
and  a  conventionally  fabricated  shell  on  the  left.  The  electronics  is  added  creating  the  finished 
hearing  aid  as  shown  in  fig.  19. 

This  application  is  not  only  an  example  of  mass  customization  but  is  also  an  example  where 
the  driver  is  the  elimination  of  hand  work.  In  the  conventional  practice  of  making  hearing  aids,  a 
great  deal  of  hand  fabrication  is  used  to  go  from  the  rubber  physical  model  to  the  final  hearing 
aid.  While  it  is  unlikely  that  SFF  will  yield  a  near  term  cost  reduction  over  the  conventional 
methods  of  fabrication,  hearing  aid  companies  are  quite  concerned  about  their  continued  ability 
to  access  the  skill  pool  of  hand  work  required  in  the  conventional  method.  SFF  answers  that 
concern. 

Another  class  of  medical  mass  customization  is  the  intriguing  area  of  body  parts.  Perhaps  the 
most  likely  early  examples  are  bone  replacement/reconstruction  components.  Fig.  20  shows  a 
scan  taken  by  MRI  of  a  patient  in  need  of  reconstructive  surgery  of  an  eye  socket.  Fig.  21  shows 
bioceramic  eye  sockets  made  by  Therics  Inc.  using  Three  Dimensional  Printing  [7].  Therics  is 
currently  in  animal  trials  with  bone  replacement  parts  that  will  be  produced  in  “shoe  sizes”. 

While  this  is  not  quite  customization,  it  is  a  step  in  that  direction. 

The  military  has  a  tremendous  need  to  provide  units  or  small  quantities  of  spare  parts  on 
demand.  In  some  cases,  the  original  design  is  available,  however,  in  many  cases  an  existing 
physical  component  must  be  reversed  engineered.  Fig.  22  shows  a  sequence  of  mass 
customization  which  would  pertain  to  the  case  where  a  component  must  be  reverse  engineered. 
The  original  component  is  subjected  to  an  industrial  CT  scan.  The  metallic  replacement  part  is 
then  made  by  SFF,  for  example,  by  3D  Printing.  The  ProMetal  division  of  ExtrudeHone  is 
engaged  in  such  spare  parts  mass  customization  under  a  program  funded  by  the  Navy  [8]. 


Driver:  Geometric  Flexibility 

In  some  cases,  the  ability  to  fabricate  geometries,  not  practically  possible  by  other  methods 
can  drive  a  manufacturing  application.  Two  examples  will  be  examined:  /.  conformal  cooling 
and  tooling,  and  ii.  complex  internal  geometry  in  castings. 
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Quite  a  number  of  organizations  are  pursuing  the  concept  of  fabricating  tooling,  especially 
injection  molding  tooling,  using  SFF  techniques.  Participants  in  this  area  include 
ExtrudeHone/DME,  POM  Corporation,  Express  Tool,  and  others.  Figures  23  and  24  show  a  case 
study  of  the  application  of  conformal  cooling  provided  by  ExtrudeHone  and  DME  which  are 
partnered  in  an  enterprise  called  “Mold  Fusion”  [8,9].  A  relatively  simple  geometry  plastic  part 
was  selected  that  the  mold  could  be  made  with  a  number  of  conventional  cooling  approaches  for 
comparison.  The  part  is  a  capacitor  cup  made  of  polypropylene.  The  part  is  basically  a 
cylindrical  component  with  a  wall  thiekness  of  0.60  inch,  a  diameter  of  2.5  inch  and  a  length  of  8 
inches.  Fig.  23a  shows  a  mold  core  using  a  conventional  baffle  to  flow  the  coolant  through  the 
core.  Fig.  23b  shows  a  mold  whieh  takes  advantage  of  the  simple  geometry  and  provides  seven 
cooling  rings  to  bring  the  water  near  to  the  core  surface.  Fig.  23c  shows  the  “mold  fusion”  core 
made  by  3D  Printing  where  a  helieal  cooling  channel  was  ereated  and  extra  coils  were  paeked  in 
the  regions  felt  to  be  most  sensitive  to  eooling.  Fig.  24  shows  the  cycle  times  broken  down  into 
Injection/Hold/Eject  and  Cooling  Times.  Note  that  the  Mold  Fusion  eore  with  eonformal 
cooling  shows  a  49%  improvement  in  productivity  over  the  eonventional  baffle  (parts  per  hour  is 
plotted  on  the  right.)  The  bronze  insert  with  cooling  rings  is  significantly  better  than  the 
conventional  baffle  but  not  nearly  as  good  as  the  conformally  cooled  core.  Note,  that  with  a 
more  complex  geometry,  this  bronze  insert  with  cooling  ring  approach  would  not  be  feasible  and 
thus  the  improvement  of  eonformal  eooling  would  be  even  more  dramatie  over  the  alternative. 
Sueh  improvements  of  20-50%  in  eyele  time  have  been  seen  in  quite  a  number  of  ease  studies. 

The  plastics  mold  making  industry  produces  200,000  to  300,000  molds  annually  on  a  world 
wide  basis  at  a  cost  of  15  to  20  billion  dollars.  The  possible  future  penetration  of  conformal 
cooling  may  be  up  to  15%  of  molds  made,  or  30,000  to  50,000  molds  annually,  a  significant 
impact.  However,  it  should  be  noted  that  the  plastics  molding  industry  is  quite  conservative  and 
it  will  take  some  time  for  this  penetration  to  take  place.  As  a  reference  point,  it  has  taken  30 
years  for  Hot  Runner  technology  to  penetrate  to  30%  of  all  applieations  [9]. 

Another  elass  of  applieations  whieh  is  motivated  by  the  ability  to  fabrieate  eomplex  internal 
geometry  is  that  of  complex  castings,  especially  those  for  pumps,  valves  and  other  fluid  control 
elements.  Fig.  25  shows  a  sand  eore  made  on  an  EOS  SLS  maehine  for  a  fluid  manifold.  Fig.  26 
shows  a  mold  and  casting  for  a  fuel  cross  over  for  Rocketdyne  made  by  Soligen,  Inc.  using  3D 
Printing  [10]. 


Driver:  Local  Control  of  Material  Composition 

One  of  the  intriguing  possibilities  associated  with  some  SFF  technologies  is  that  of 
controlling  the  loeal  composition  of  the  fabricated  component.  Fig.  27  shows  two  cell  phone 
covers  made  by  3D  Printing  on  a  Z  Corp.  machine.  One  component  is  printed  in  “monoehrome” 
while  the  other  component  has  color  printed  in.  The  color  part  is  a  three  dimensional 
representation  of  the  output  of  a  mold  filling  finite  element  simulation  [11]. 

Fig.  28  shows  some  “flash  dosage”  oral  dosage  forms  from  Therics,  Ine.  These  pills  have 
drugs  printed  in  an  interior  eore  with  flavor  masking  on  the  exterior  of  the  pill.  Example 


603 


applications  are  under  study  which  would  be  based  on  the  production  of  50  million  per  machine 
per  year  [7]. 


While  in  many  cases,  the  use  of  SFF  technology  to  control  the  local  composition  can  be 
enabling  of  new  products,  it  is  also  true  that  these  applications  require  a  significant  “stretch” 
from  current  practice  as  the  products  being  considered  may  have  no  precedent  and  therefore  no 
track  record. 


BARRIERS  TO  MANUFACTURING  BY  SFF 

There  are  a  number  of  issues  or  barriers  which  SFF  must  overcome  if  it  is  to  have  a  large 
impact  on  manufacturing.  These  include: 

•  Speed/part  cost 

•  Accuracy,  tolerances,  surface  finish,  detail 

•  Application  specific  materials  properties 

•  Application  specific  machine  design 

•  Product  support  (centralized  manufacturing) 

•  Ease  of  use  (distributed  manufacturing) 


Barrier:  Speed/Part  Cost 


A  primary  driver  of  part  cost  is  the  build  speed  in  the  SFF  machine.  As  documented  in  the 
appendix  to  this  paper,  the  build  rates  of  the  fastest  SFF  machines  today  are  on  the  order  of  one 
liter  of  part  per  hour.  However,  “standard”  forming  processes  can  be  much  faster.  Certainly, 
there  is  a  wide  range  of  speeds  associated  with  standard  forming  processes  depending  on  the 
material  being  foimed,  the  size  of  the  part,  and  the  process  itself  However,  as  a  generalization, 
standard  forming  processes  can  be  10  to  a  1,000  times  faster  than  today’s  SFF  technologies. 


It  is  useful  to  speculate  about  an  SFF  machine  which  can  build  100  liters  per  hour,  as  such  a 
machine  would  be  competitive  with  at  least  some  of  the  standard  forming  processes.  An 
example  of  a  machine  which  could  achieve  this  build  rate  would  be  a  machine  with  a  bed  size  of 
one  meter  by  one  meter,  building  in  layers  that  are  100  microns  thick  and  forming  each  layer  in 
3.6  seconds.  While  such  a  goal  is  challenging,  it  is  also  within  the  realm  of  possibility,  at  least 
with  some  of  the  technologies.  (For  example,  the  author  believes  that  such  a  machine  is  possible 
using  Three  Dimensional  Printing  technology.) 


Barrier:  Accuracy,  Tolerances,  Surface  Finish  and  Detail 

On  the  issue  of  accuracy,  tolerances,  surface  finish  and  detail,  a  clear  distinction  must  be 
made  between  manufacturing  applications  and  prototyping  applications.  In  a  prototyping 
application,  it  is  often  acceptable  to  do  selective  final  machining  on  the  part  and  even  extensive 
hand  finishing  can  be  tolerated  because  the  combination  of  SFF  with  these  techniques  still  yields 
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a  part  much  faster  than  available  alternatives.  However,  in  a  manufacturing  application,  any 
secondary  operation  (other  than  mass  processes  like  media  finishing)  is  a  threat  to  competitive 
advantage.  Thus,  there  is  a  significant  barrier  to  overcome  in  achieving  the  net  shape  component 
with  the  desired  surface  finish  and  tolerances  by  SFF  [12]. 


Barrier:  Application  Specific  Material  Properties 

As  in  the  case  of  accuracy  and  tolerances,  a  clear  distinction  must  be  made  between 
prototype  applications  and  manufacturing  applications  in  the  context  of  material  properties.  For 
a  prototype,  a  part  is  still  of  considerable  use  even  if  not  all  of  the  material  properties  are  as  good 
as  those  of  the  part  which  will  be  ultimately  manufactured.  When  testing  a  prototype,  the 
longevity  of  the  test  may  not  matter  in  some  applications.  One  may  be  able  to  reduce  the 
severity  (for  example,  minimize  the  temperature  exposure  of  the  part)  and  still  devise  the 
required  technical  information.  In  general,  one  may  be  able  to  accommodate  materials  properties 
that  are  not  quite  up  to  standard  by  correcting  the  measured  results  in  order  to  compensate  for  the 
expected  improvement  which  will  correspond  to  the  final  component  materials  properties. 
However,  in  the  manufactured  parts,  all  the  material  properties  must  exceed  some  minimum 
standards.  It  is  quite  possible,  for  example,  that  a  given  component  could  be  acceptable  in  yield 
strength,  tensile  strength,  impact  strength,  creep,  coefficient  of  thermal  expansion,  and  elastic 
modulus,  but  fail  in  its  fatigue  properties.  Failure  in  one  aspect  will  mean  that  the  component 
cannot  be  used  in  the  manufacturing  application.  This  is  a  much  higher  standard  than  that  which 
has  to  be  satisfied  for  prototypes.  The  danger  is  that  the  SFF  materials  may  have  to  be  tailored 
for  specific  applications  in  order  to  satisfy  many  requirements  simultaneously.  This  will  be  an 
extremely  expensive  proposition  and  could  only  be  justified  for  high  volume  applications  [12]. 


Barrier:  Application  Specific  Machine  Design 

As  noted  if  manufacturing  applications  are  more  demanding  than  prototyping  applications 
and  many  applications  will  simuUaneously  pvish  limits  on:  i.  accuracy,  surface  finish  and  detail, 
a.  rate,  and  in.  material  properties.  In  order  to  simultaneously  satisfy  these  requirements,  it 
may  become  necessary  to  design  machines  for  specific  applications.  The  most  obvious  example 
of  the  need  for  application  specific  machine  design  is  the  need  to  accommodate  different  part 
sizes  and  therefore  to  create  machines  with  different  build  volumes.  However,  other 
considerations  may  be  even  more  demanding.  For  example,  in  Three  Dimensional  Printing,  fine 
ceramic  powders  are  processed  using  slurries,  while  larger  powders  are  processed  dry.  Fine 
featured  small  components  such  as  those  pictured  in  Fig.  29  are  fabricated  by  traversing  the 
printhead  in  a  vector  outline  and  then  raster  filling.  Larger  components,  however,  must  be  made 
using  raster  seanning  methods  only,  due  to  considerations  of  rate.  Thus,  a  particular  application 
will  be  best  satisfied  by  a  particular  combination  of  powder  deposition,  binder  deposition,  and 
machine  architecture.  While  general  machines  can  go  a  long  way  to  satisfy  the  requirements  of  a 
specific  application,  application  specific  machine  design  may  be  required  to  gain  the  full 
benefits. 
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Barrier:  Product  Support  (Centralized  Manufacturing) 

Manufacturing  facilities  demand  “no”  down  time.  If  down  time  is  encountered,  they  expeet 
nearly  instantaneous  repair.  Further,  they  expect  the  ability  to  make  parts  elsewhere  while 
equipment  is  down.  The  net  result  is  a  very  much  higher  standard  of  product  support  which  must 
be  satisfied  for  manufacturing  applications,  as  opposed  to  prototyping  applications  [12]. 


Barrier:  East  of  Use  (Distributed  Manufacturing) 

Mass  customization  applications  are  best  satisfied  by  having  the  manufacturing  capacity 
distributed.  As  a  model,  consider  the  lens  making  equipment  which  is  distributed  at  various 
LensCrafters  facilities.  Perhaps  the  closest  analogy  in  today’s  manufacturing  world  is  that  of  the 
machine  shop.  However,  machine  shops  do  not  accomplish  mass  customization  as  the  processes 
are  not  facile  enough  to  interfaee  directly  to  the  end  user.  In  a  mass  customization  application, 
there  will  be  far  less  tolerance  of  process  quirks  and  software  challenges  as  compared  to  today’s 
machine  shops.  Thus,  the  software  equivalent  of  “MasterCam”  will  not  be  good  enough  -  it  will 
be  too  hard  to  use.  The  software  orientation  will  have  to  be  toward  the  end  use  customer  [13]. 


CONCLUSIONS 

The  SFF/RP  industry  has  grown  steadily  with  the  most  significant  gains  made  in  the  number 
of  models  produced  per  year  -  three  million  in  the  year  2000.  Future  growth  is  most  likely  to  be 
in  manufacturing  applications  of  SFF  where  even  a  single  application  can  double  the  number  of 
models/parts  produced  annually.  There  are  a  number  of  factors  or  drivers  which  can  motivate  a 
manufacturing  application  of  SFF  either  individually  or  in  combination.  These  drivers  include: 
i.  avoid  conventional  tooling,  ii.  minimizing  hand  work,  Hi.  mass  customization,  /v.  geometric 
flexibility,  v.  local  control  of  composition.  Avoidance  of  conventional  tooling  has  been  the 
most  common  driver  today  with  prominent  examples  in  the  metals  casting  and  injection  molding 
areas.  The  most  intriguing  of  the  drivers  is  that  of  mass  customization  -  the  manufacture  of 
highly  individual  products,  but  on  a  mass  scale.  SFF  offers  the  possibility  of  mass  customization 
of  components  with  complex  3D  geometry.  A  prominent  current  example  is  that  of  Align 
Technology  of  Santa  Clara,  CA  which  produces  unique  plastie  aligners  for  orthodontic 
applications. 

There  already  are  manufacturing  applications  where  the  advantages  offered  by  SFF  are  so 
compelling  as  to  overcome  any  barriers.  However,  widespread  impact  of  SFF  on  manufacturing 
will  depend  on  overcoming  several  barriers  including  :  i.  increased  build  speed,  ii.  improved 
accuracy  and  surface  finish,  in.  improved  and  possibly  application  specific  materials  properties, 
iv.  application  specific  machine  designs,  v.  improved  product  support,  and  vi.  greater  ease  of  use. 
The  essence  of  these  barriers  lies  in  the  distinction  between  prototyping  and  manufacturing. 
Characteristics  which  can  be  tolerated  in  a  prototyping  environment  become  intolerable  in  a 
manufacturing  environment.  For  example,  the  wide  gulf  in  build  speed  between  SFF  and 
eonventional  forming  processes  will  have  to  be  at  least  partly  bridged.  Tolerances  that  are 
acceptable  in  a  prototype  are  unacceptable  in  manufacturing  as  secondary  operations  are 
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economically  unacceptable.  Demands  on  materials  properties  are  greater.  Mass  customization 
demands  ease  of  use  in  a  distributed  fabrication  environment.  As  these  barriers  are  addressed, 
manufacturing  applications  will  proliferate  and  are  likely  to  become  a  primary  impact  of  the  SFF 
field. 
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APPENDIX 


In  order  to  get  a  sense  of  the  build  rates  of  the  current  SFF  technologies,  a  benchmark  was 
attained  for  a  fast  “office  modeler”  and  a  “high  end”  machine  targeted  at  manufacturing.  The  Z 
Corp.  Z406  machine  was  chosen  as  the  office  modeler  and  the  Vanguard  machine  from  DTM  as 
the  high  end  machine.  Data  for  a  specific  geometry  was  attained  as  it  was  felt  to  be  more 
meaningful.  An  STL  file  was  sent  to  Z  Corp.  and  DTM  and  data  returned  from  their  build  time 
estimators  (not  models  were  made)  [11,12].  The  STL  file  is  pictured  in  Fig.  30.  The  volume  of 
this  part  is  approximately  one  liter. 


Starch 

(175p  layers) 

Plaster 
(lOOp  layers) 

One  Part 

1.45  hrs 

2.9  hrs 

Four  Parts 

5.8  hrs 

11.6  hrs 

Table  I 


Table  I  shows  the  build  times  returned  by  Z  Corp.  for  two  materials  -  starch  and  plaster. 
Build  time  estimates  for  one  part  and  four  parts  are  given. 


Nylon 

(150p  layers) 

Metal 

(75p  layers) 

One  Part 

4.4  hrs 

(2.75  warm  up/dn) 

6.6  hrs 

(no  warm  up/dn) 

Four  Parts 

6.7  hrs 

(2.75  warm  up/dn) 

26.4  hrs 

(no  warm  up/dn) 

Table  U 


Table  II  comes  from  DTM  and  has  build  time  estimates  for  nylon  and  metal  materials  again 
for  one  part  and  four  parts.  Note  that  in  the  case  of  the  nylon  material  the  estimate  for  four  parts 
is  less  than  four  times  the  estimate  for  one  part  as  the  nylon  materials  require  a  warm  up  and  cool 
down  cycle  and  this  warm  up  and  cool  down  would  be  the  same  for  four  parts  as  for  one  part. 

The  most  important  conclusion  from  these  build  time  estimates  is  that  current  build  rates  are 
on  the  order  of  0.2  -1.0  liter  per  hour.  The  upper  end  of  this  range  is  the  rate  estimate  used  in 
the  rate  section  of  this  paper.  It  is  also  interesting  to  note,  however,  that  there  is  overlap  in  build 
rates  between  the  office  modelers  and  the  “high  end  machines”,  although,  it  must  be  noted  that 
making  a  direct  comparison  is  impossible  because  the  end  product  and  the  costs  are  so  different. 
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FIGURES 


Source:  Wohlers  Associates.  Inc, 

Figure  1.  The  total  number  of  models  made  annually  by 
SFF  for  the  past  three  years. 
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Source:  Wohlers  Associates.  Inc, 

Figure  2.  The  breakdown  by  industry  of  SFF 
applications. 


Rapid  manufacturing 
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Future 


Source:  Wohlers  Associates.  Inc 

Figure  3.  A  highly  schematic  anticipation  of  the  future 
growth  of  SFF. 
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Figure  4.  A  comparison  of  costs  for  injection  molding 
versus  stereolithography  and  SFF  for  the  small  handle 
shown. 
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Figure  7.  A  plastic  aligner  made  by  Align  Technology, 
Inc. 
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Figure  8,  The  plaster  physical  model  taken  from  the 
rubber  impression  taken  from  the  patient’s  teeth  and 
gums. 


Figure  9.  the  sequence  practiced  by  Align  Technology  to  derive  a  point  cloud  from  the  plaster  models. 


Figure  11.  Software  operators  move  the  virtual  teeth  to  create  the  desired  progression  for  the  orthodontic  treatment. 
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Figure  17.  The  virtual  model  is  engineered  by  shelling  Figure  18.  An  SLS  hearing  aid  is  on  the  right  while  a 
and  adding  features.  conventionally  fabricated  one  is  one  the  left. 


Figure  19.  A  finished  hearing  aid  with  electronics  in 


Figure  23.  Three  cores  tested  in  an  injection  molding  application  including  a  conventional  baffle,  an  insert  with 
cooling  rings  and  a  3D  Printed  conformally  cooled  core. 


Figure  24.  The  cycle  time  in  seconds  (left)  and  the  Figure  25.  A  sand  core  for  a  fluid  manifold  made  by 

number  of  parts  per  hour  (right)  for  the  three  cores  SLS  on  an  EOS  machine. 

shown  in  Figure  23.  The  green  areas  are  the  sum  of 

injection,  hold  and  eject  times  while  the  blue  are  the 

cooling  times. 
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Figure  26.  A  ceramic  mold  and  casting  for  a  fuel  cross  over  made  by  Soligen,  Inc. 


both  made  by  3D  Printing  by  Z  Corp.  Printing  by  Therics,  Inc. 
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Figure  29.  Sintered  stainless  steel  components  with  fine 
features  made  by  3D  Printing. 


Figure  30.  The  file  used  for  the  rate  bench  mark 


External  dimensions  are  140x135x57  mm. 
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Abstract 

During  the  last  few  decades,  designers  have  been  educated  to  develop  designs  with  restricted 
geometry  so  that  parts  can  be  made  easily.  The  revolutionary  aspect  of  Rapid  Manufacturing  will  be 
that  geometry  will  no  longer  be  a  limiting  factor.  The  introduction  of  Rapid  Manufacturing  will  have  a 
number  of  effects  on  Design.  It  will  be  possible  to  have  re-entrant  shapes  without  complicating 
manufacturing,  no  draft  angles,  variable  wall  thickness,  no  split  lines  and  fewer  parts  leading  to  easier 
assembly  and  lower  stock. 

The  individual  designer’s  method  of  working  will  change  with  the  introduction  of  Rapid 
Manufacturing  and  also  there  will  be  changes  to  the  overall  design  process.  Examples  will  be  the 
elimination  of  prototype  aid  pre-production  stages,  as  end  part  manufacture  will  occur  as  soon  as 
the  CAD  is  finished.  This  will  affect  project  management  practices  and  sign-off  procedures. 


1  Introduction 

The  aim  of  this  paper  is  to  discuss  the  implications  of  the  introduction  of  Rapid  Manufacturing  on 
design  and  on  designers.  As  this  is  a  new  subject  for  discussion,  the  authors  intend  that  this  paper  be 
viewed  as  a  precursor  to  work  that  is  needed.  Many  of  the  ideas  discussed  are  the  subject  of  much 
current  research  that  is  being  performed  into  this  area. 

1.1  Definition  of  Rapid  Manufacturing 

First,  it  is  important  to  give  a  definition  of  Rapid  Manufacturing.  The  way  that  many  things  are 
manufactured  in  the  future  will  change.  The  current  use  of  moulds  and  dies  to  give  items  their  fonn- 
be  they  parts  for  space  shuttles,  mobile  phone  covers  or  breakfast  cereals  -  will  be  superseded  by 
the  emerging  technologies  that  come  under  the  Rapid  Manufacturing  banner. 

Rapid  Manufacturing  is  evolving  fi'om  the  now  mature  Rapid  Prototyping  (RP)  technologies  -  such 
as  stereolithography  and  laser  sintering  (amongst  others).  With  Rapid  Prototyping  techniques, 
objects  are  created  fi’om  a  3D  CAD  model  without  the  use  of  either  moulding  or  tooling.  This  is 
achieved  by  taking  discrete  2D  slices  of  the  3D  CAD  file  and,  either  through  the  deposition  of 
material,  the  sintering  or  binding  of  powder  or  by  selectively  changing  the  state  of  a  UV  sensitive 
liquid  resin  into  a  solid  using  a  light  source,  objects  are  built-up  layer-by-layer  until  the  part  is 
complete.  Having  been  developed  and  commercialised  over  the  last  15  years,  layered  manufacturing 
now  plays  an  integral  role  in  the  modem  product  development  cycle.  RP  processes  are  now 
routinely  used  for  the  production  of  functional  and  technical  prototypes,  visualisation  and  marketing 
models  and  even  for  the  production  of  ‘Rapid  Tooling’  cavities  -  although  the  value  of  some  of  these 
so-called  Rapid  Tooling  techniques  is  questionable. 
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As  the  processes  and  materials  improve  over  the  next  10-years  or  so,  much  of  this  technology  will 
develop  into  use  within  mainstream  manufacturing. 


2  Potential  of  Rapid  Manufacturing  on  Design 

For  years,  designers  have  been  restricted  in  what  they  can  produce  as  they  have  generally  had  to 
design- for-manufacture  -  that  is,  adjust  their  design  intent  to  enable  the  component  (or  assembly)  to 
be  manufactured  using  a  particular  process  or  processes.  In  addition,  if  a  mould  is  used  to  produce 
an  item,  there  are  therefore  automatically  inherent  restrictions  to  the  design  imposed  at  the  very 
beginning.  Taking  injection  moulding  as  an  example,  in  order  to  process  a  component  successfully, 
at  a  minimum  the  following  design  elements  need  to  be  taken  into  account: 

•  Geometry 

Draft  angles 

Non  re-entrants  shapes 

Near  constant  wall  thickness 

Complexity 

Split  line  location 

Surface  finish 

•  Material  choice 

•  Rationalisation  of  components  (reducing  assemblies) 

•  Cost 

With  the  advent  of  the  Rapid  Manufacturing  techniques,  there  is  the  potential  for  many  of  the  current 
obstacles  to  be  removed.  The  following  sections  discuss  the  above  points  and  also  deal  with  some 
potential  problems  that  are  likely  to  occur  with  the  on-set  of  Rapid  Manufacturing  in  general. 

2.1  Geometry  for  “Free” 

One  of  the  major  benefits  of  some  the  additive  manufacturing  processes  is  that  it  is  possible  to  make 
any  complexity  of  geometry  at  no  extra  cost  -  this  is  virtually  imheard  of,  as  in  eveiy  conventional 
manufacturing  technique  there  is  a  direct  link  to  the  cost  of  a  component  to  the  complexity  of  its 
design.  Therefore,  for  a  given  volume  of  component,  it  is  effectively  possible  to  get  the  geometry  (or 
complexity)  for  “free”,  as  the  costs  incurred  for  any  given  additive  manufacturing  technique  are 
usually  determined  by  the  time  to  build  a  certain  volume  of  part,  that  in  turn  is  determined  by  the 
orientation  that  the  component  is  built  in. 

2.2  Design  Freedom 

Additionally,  the  advent  of  Rapid  Manufacturing  will  have  profound  implications  for  the  way  in  which 
designers  work.  Generally,  designers  have  been  taught  to  design  objects  that  can  be  made  easily 
using  current  technologies  -  this  being  mainly  due  to  the  geometry  limitations  that  exist  with  available 
manufacturing  processes.  For  parts  that  are  moulded,  this  means  that  draft  angles,  constant  wall 
thickness,  location  of  split  line,  etc,  have  to  be  considered  in  the  design.  However,  with  the  additive 
manufacturing  technologies,  these  limitations  are  removed  as  it  is  not  necessary  to  withdraw  the  part 
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from  the  mould  and  therefore  it  would  be  possible  to  have  re-entrant  shapes  without  complicating 
manufacturing,  no  draft  angles,  variable  wall  thickness  and  no  split  lines.  This  new  design  freedom 
will  place  much  more  responsibility  on  the  designer  to  think  about  the  exact  requirements  of  a  part- 
with  the  unlimited  geometry  capability  designers  will  herefore  need  to  be  much  more  imaginative  to 
make  full  use  of  the  new  manufacturing  processes.  In  the  past,  the  processes  have  severely  restricted 
designers  and  so  they  have  become  accustomed  to  designing  relatively  simple  geometries. 

The  other  main  effect  will  be  on  the  overall  design  process.  At  the  moment  a  designer  produces  a 
rough  CAD  model  and  then  a  prototype  is  built,  further  design  work  is  done  until  it  is  possible  to 
manufacture  a  fully  representative  model.  The  next  step  may  involve  prototype  tiling,  functional 
testing  and  then  production  tooling  and  any  final  testing  before  large-scale  manufacturing.  If  we  are 
to  have  Rapid  Manufacturing  then  the  obvious  question  is  what  happens  to  ftiese  different  stages 
because  it  will  be  possible  to  complete  the  CAD  model  and  then  directly  manufacture  the  end  use 
part? 

2.2.1  Design  Constraints 

Although  there  wiU  be  the  ability  to  manufacture  whatever  shape  is  required,  this  doesn’t  necessarily 
mean  that  there  is  complete  design  freedom.  Recent  work  within  a  new  UK  funded  EPSRC  project 
on  “Design  for  Rapid  Manufacture”  |1]  has  shown  that  even  though,  in  theory,  it  is  possible  to 
design  any  shape  that  is  desired,  it  is  still  necessary  to  consider  the  incorporation  of  existing 
components  with  the  design  process. 

Products  are  generally  a  combination  of  many  components  that  are  assembled  to  produce  the  final 
article.  Often  “new”  products  incorporate  components  from  existing  proven  designs  and  therefore 
the  new  products  have  to  be  designed  accordingly  to  accommodate  these  components  -  this  adds 
to  the  constraints  in  the  products’  design. 

In  addition,  there  is  a  clear  need  to  design  for  assembly  and  maintenance.  Even  though  there  is  the 
potential  to  reduce  the  part  count  by  combining  assemblies  into  fewer  (more  complex)  individual 
parts,  there  will  still  be  the  need  to  assemble  components  such  as  electrical  circuit  boards,  batteries, 
etc  into  the  final  article.  It  is  recognised  that,  because  the  objects  are  being  built  additively,  there  is 
the  potential  to  imbed  components  within  the  build,  thus  obviating  the  “design  for  assembly”  issue. 
However,  the  machines  required  to  perform  these  imbedding  operations  will  be  more  complex  and 
are  likely  to  appear  later  than  general  Rapid  Manufacturing  machines  and  therefore  the  design 
requirements  for  general  (single  material)  additive  Rapid  Manufacturing  systems  will  need  to  be 
considered  first.  In  addition,  machines  that  imbed  components  as  they  btiild  are  likely  to  create  other 
issues  such  as  how  they  can  be  recycled  -  this  is  discussed  in  section  4.3. 

2.3  Materials 

When  objects  are  fonned  in  moulds,  they  are  generaUy  formed  in  one  homogenous  material.  Even  in 
the  case  of  an  over-moulded  component  where  there  can  be  two  or  more  homogeneous  materials  in 
one  finished  part,  there  is  a  definitive  boundary  between  one  material  and  the  other.  With  some  of 
the  additive  manufacturing  processes  there  is  the  potential  to  mix  and  grade  materials  in  any 
combination  that  is  desired,  thus  enabling  materials  with  certain  properties  to  be  deposited  where 
they  are  needed 
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The  over- moulding  technique  is  a  classic  example  of  hovi'  design  can  be  influenced  by  the  availability 
of  a  manufacturing  technique.  Over- moulding  allows  designers,  within  limits,  the  ability  to  produce 
parts  hat  have  added  functionality  and  enhanced  design.  Indeed,  the  design  of  over-moulded 
components  very  often  incorporates  the  different  material  combinations  to  accentuate  the  design  to 
the  extent  that  designers  are  able  to  exploit  the  delineation  of  the  different  materials  used  to  produce 
design  features  as  well  as  extra  functionality.  This  is  perfectly  illustrated  by  the  simple  case  of  a 
toothbrush  -  an  everyday  item  that  will  often  include  over-moulding  to  give  a  handle  that  is  stiff,  with 
an  over-moulded  grip  and  a  different  material  at  the  neck  to  give  a  flexible  head. 

There  are  also  issues  when  using  different  materials  in  a  single  product  such  as  differences  in  thermal 
expansion  or  corrosion  resistance.  The  ability  to  grade  from  one  material  to  another  could  eliminate 
some  of  these  problems. 

Given  that  Rapid  Manufacturing  potentially  allows  the  development  of  multiple  materials  to  be 
deposited  in  any  location  or  combination  that  the  designer  requires,  this  has  potentially  enormous 
implications  for  the  functionality  and  aesthetics  that  can  be  designed  into  parts. 

2.4  Custom  Parts 

There  is  a  definite  trend  to  “mass  customisation”  or  even  total  customisation  as  people  increasingly 
want  to  own  items  that  are  individual  to  themselves  -  wouldn't  consumers  all  really  like  to  have  their 
own  design  of  mobile  phone  (think  of  NOKIA  Xpress-on™  covers),  rather  than  one  that  looks  like 
everyone  else’s?  This  last  statement  may  or  maybe  not  tme,  but  most  consumers  have  to  have  mass- 
produced  items  at  the  moment  because  all  phones  (or  whatever)  are  made  in  moulds.  The  additive 
Rapid  Manufacturing  techniques  are  the  enabling  technologies  to  more  cost-effective  custom-made 
products. 

One  of  the  biggest  advantages  of  Rapid  Manufacturing  will  be  the  fact  that  tools  will  not  be  needed 
for  many  components  as  the  products  will  be  ‘printed’  directly.  As  it  will  not  be  necessary  to  mass 
produce  parts  to  amortise  the  costs  of  the  tooling  into  many  thousands  of  components,  this  vwll  lead 
to  the  potential  for  more  custom  made  parts. 

The  potential  to  cheaply  produce  custom  made  products  could  prove  to  be  lucrative  to 
manufacturers  who  will  be  able  to  charge  a  premium  for  these  so-called  complex  custom 
components  that  are,  in  effect,  no  more  expensive  to  produce  than  simple  parts.  In  the  short  term, 
this  will  present  a  tremendous  profit  making  opportunities  for  manufacturers  who  pursue  Rapid 
Manufacturing  as  an  alternative  to  conventional  techniques. 

However,  the  ability  to  produce  cost-effective  custom  made  products  vwll  lead  to  the  question  of 
who  will  do  the  design  work? 


3  Who  will  do  the  Design  Work? 

It  is  thought  that  the  Rapid  Manufacturing  technologies  will  split  into  home-based  lower  cost 
machines  (akin  to  HP  DeskJet’s  today)  and  more  precise  systems  that  will  be  company  operated. 
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However,  with  the  abihty  to  produce  custom-made  products  and  the  advances  in  web- enabled 
software,  there  is  the  potential  to  include  the  customer  within  the  design  process  to  enable  them  to 
produce  their  components  either  on  their  home -based  systems  or  by  the  OEM  (or  third  party 
supplier). 

So  far,  this  paper  has  described  the  implications  on  design  by  the  advent  of  Rapid  Manufacturing 
and  has  tended  to  concentrate  on  the  implications  to  existing  designers.  If  the  end-user  is  to  be 
involved  in  the  design  process,  how  can  this  be  achieved?  The  following  sections  attempt  to  deal 
with  how  designs  can  be  more  custom- driven. 

3.1  Customer-driven  Design  for  Rapid  Manufacturing 

As  discussed.  Rapid  Manufacturing  potentially  offers  the  end -customer  the  opportunity  to  design, 
order  and  receive  a  product  without  leaving  their  home.  This  vision  of  the  future  has  been  articulated 
by  several  people  ineluding  Bums  [2,3].  It  is  possible  to  imagine  a  situation  where  a  home -based 
personal  computer  is  used  to  design  a  three-dimensional  (3D)  object  that  is  either  produced  on  a  3D 
printer  beside  the  operator  or  ordered  over  the  Internet  and  delivered  next  day.  But  just  how  close 
are  we  to  this  vision  today?  Certainly,  3D  CAD  packages  are  readily  available,  ordering  goods 
over  the  Internet  has  become  an  everyday  activity  for  many  and  overnight  production  of  physical 
models  is  on  offer  by  Materialise  fl].  However,  there  are  issues  that  still  need  to  be  tackled.  3D 
printers  are  not  yet  readily  available  to  home  users.  Multi-material  models  and  “production  quality” 
surface  finishes  are  still  the  topics  of  much  research.  Intellectual  property  and  product  liability 
problems  also  need  to  be  addressed. 

Leaving  these  issues  aside,  there  remains  the  critical  matter  of  how  deeply  involved  customers  can 
become  in  the  design  of  a  product.  Expecting  a  member  of  the  general  public  to  use  a  conventional 
3D  CAD  system  to  create  even  simple  shapes  is  not  realistic.  Even  the  most  intuitive  of  menu- 
driven  interfaces  requires  significant  levels  of  training  and  knowledge  of  construction  strategies.  A 
number  of  options  are  available  to  overcome  this  constraint: 

1.  Restrict  the  design  input  of  the  user  to  selection  from  a  pre- determined  set  of  alternatives. 

2.  Use  an  innovative  user-interface  that  requires  little  training  and  no  constmction  strategy. 

3.  Enable  the  customer  to  work  as  part  of  the  design  team,  e.g.  in  real-time  collaboration  with  a 
designer. 

Each  of  these  will  be  discussed  in  turn  and  their  potential  contribution  towards  customer-driven 
Rapid  Manufacturing  will  be  assessed. 

3.2  Restricted  Input 

Using  parametric  CAD  and  assembly  modelling  it  is  possible  to  create  applications  that  use  existing 
CAD  models  to  create  new  product  designs.  The  models  are  created  by  experienced  designers  and 
satisfy  all  the  constraints  of  rapid  manufacturing.  Each  model  could  represent  a  component  witiiin  a 
particular  product.  An  application  can  then  be  written  that  wiU  allow  the  customer  to  select 
component  options  they  wish  to  include  in  their  “new  design”.  Furthermore,  some  of  the  dimensions 
of  the  components  can  be  varied  within  set  limits  to  modify  the  design  to  meet  customer 
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requirements.  This  makes  use  of  knowledge  relationships  within  the  CAD  model(s).  A  market 
where  this  technique  has  already  been  appied  successfully  is  interior  household  design,  e.g. 
DecoTech  3-D  Design  Software  f],  Floor  Plan  3D  Design  [6],  Applying  this  technique  to 
products  tailored  specifically  for  Rapid  Manufacturing  is  an  area  where  much  research  is  needed. 
An  example  of  current  research  where  designs  are  optimised  to  make  full  use  of  Rapid 
Manufacturing  capabilities  is  the  multi- material  work  at  Clemson  University  [7].  The  user  can  input 
design  requirements  and  the  optimum  multi-material  geometry  is  calculated  automatically.  CAD 
modelling  capabilities  need  to  be  advanced  to  represent  this  type  of  information. 

3.3  Innovative  Interfaces 

It  may  be  feasible  to  give  customers  access  to  3D  design  through  innovative  interfaces  where  little  or 
no  training  is  required.  An  example  of  tiis  is  the  FreeForm™  system  available  from  SenSable 
Technologies  P].  This  technology  enables  the  user  to  “sculpt”  a  “virtual  clay”  model  inside  a 
computer  and  in  doing  so  can  “touch  &  feel”  the  clay  as  they  add  or  remove  material.  It  uses  a 
haptic  feedback  device  that  gives  the  impression  of  working  with  a  resistive  medium.  The  geometry 
that  is  created  is  traly  freeform  and  in  many  cases  can  only  be  produced  using  Rapid  Manufacturing. 
The  method  of  operation  has  been  designed  to  be  intuitive  to  the  user  and  reduces  any 
computational  or  engineering  skills  necessary  to  operate  the  system  to  an  absolute  minimum.  This 
approach  ensures  that  not  only  are  new  users  “up  &  running”  and  therefore  productive  within  a  very 
short  period  of  time  but  they  also  feel  far  less  inhibited  and  constrained  by  the  technology.  It  can  be 
easily  envisaged  that  a  customer  could  be  allowed  to  generate  new  shapes,  or  at  least  modify 
existing  designs,  using  this  technology.  An  example  of  a  novel  design  produced  using  Freeform  and 
the  3D  model  produced  using  a  Z-Corp  machine  are  shown  in  Figure  1.  The  stippled  effect  on  the 
surface  of  the  model  was  produced  using  “virtual  hammering”. 


Figure  1:  a)  Virtual  hammering  effect  created  using  haptic  feedback,  b)  resultant 
physical  model. 
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3.4  Collaborative  Design 

The  third  technique  for  involving  customers  in  the  design  process  is  through  partnership  with  a 
designer.  This  can  be  readily  done  when  the  customer  is  brought  into  direct  contact  with  the 
designer,  e.g.  in  a  design  studio.  However,  if  the  goal  is  to  allow  the  customer  to  stay  at  home  then 
an  alternative  strategy  must  be  used.  Using  the  Internet,  it  is  possible  to  connect  the  customer  and 
designer  using  virtual  conferencing,  real-time  imaging  software  (e.g.  Magics  Communicator  [9])  and 
collaborative  CAD  software.  However,  designers  are  not  always  available  and  international  time- 
zones  can  cause  serious  difficulties.  An  alternative  is  to  couple  the  user  with  a  knowledge -based 
system  that  simulates  an  experienced  designer.  One  such  system  is  Cybercut™  developed  at  U.  C. 
Berkeley.  This  is  “a  web  based  design-to-prototype  service,  allowing  users  to  quickly  design  and 
manufacture  prototypes  for  mechanical  parts.  A  series  of  interactive  web  pages  act  as  an  on-line 
CAD  tool  linked  to  a  ‘computer  machinist’,  which  restricts  the  user  to  the  design  of 
‘manufacturable’  parts.  When  the  design  is  completed,  the  part  specifications  are  sent  directly  to  a 
computer  controlled  three  axis  milling  machine,  and  fabrication  can  begin  immediately”  [10].  It  is 
conceivable  that  a  similar  system  could  be  developed  specifically  for  Rapid  Manufacturing. 

Bringing  the  customer  further  into  the  design  process  is  a  desirable  part  of  rapid  product 
development  that  could  lead  to  truly  customised  products.  The  unique  characteristics  of  Rapid 
Manufacturing  make  it  particularly  suitable  for  this  strategy.  A  number  of  alternative  techniques  offer 
this  capability  and  the  optimum  solution  will  vary  fiiom  one  product  to  the  next.  Indeed,  the  optimum 
solution  may  well  be  a  combination  of  those  discussed  here. 


4  Potential  problems  with  Rapid  Manufacturing 

4.1  CAD 

One  of  the  most  important  problems  to  be  overcome  in  the  fiiture  will  be  the  limitation  of  existing 
CAD  modelling  systems.  The  new  Rapid  Manufacturing  processes  will  be  able  to  produce  objects 
with  different  materials  or  microstructure  throughout  but  existing  CAD  systems  cannot  represent  fliis 
except  with  a  very  coarse  resolution  or  on  small  parts  only.  A  few  researchers  in  Universities  (Univ. 
of  Michigan,  Clemson)  are  investigating  Voxel  Modelling  systems.  Unless  great  progress  is  made  in 
CAD  development,  the  situation  will  arise  that  there  will  be  the  capability  of  manufacturing  these 
complex  stmctures  but  no  way  of  representing  them  in  CAD. 

4.2  Materials 

There  are  two  fundamental  problems  with  materials  and  they  are  both  related  to  the  global  amount 
used.  As  the  quantity  used  is  very  low  compared  to  conventional  processes  then  the  production  cost 
is  very  high  and  this  is  reflected  in  the  sale  price  where  for  example  Stereolithography  resin  costs 
around  GBP  160/kg  whereas  ABS  plastic  costs  GBP0.40/kg.  The  other  main  problem  is  the  limited 
variety  of  materials.  As  the  quantity  sold  is  low  then  it  is  more  difficult  to  justify  development  of  new 
materials. 

Additionally,  there  is  a  dearth  of  information  about  even  the  limited  number  of  materials  that  are 
available  today  -  materials  research  is  one  of  the  keys  areas  at  present.  More  reliable  information  is 
cmcial  to  a  greater  uptake  of  Rapid  Manufacturing  as  a  mainstream  technique. 


625 


4.3  Recycling 

The  potential  to  produce  exotic  graded  materials  and  also  to  imbed  components  within  a  part  as  it  is 
being  built  will  present  issies  of  recycling  -  how  will  the  imbedded  assemblies  and  exotic  materials 
be  separated  for  safe  disposal  or  re-use? 

At  present  this  does  not  pose  a  particular  problem  as  there  is  limited  uptake  of  Rapid 
Manufacturing.  However,  if  there  is  a  larger  uptake  of  Rapid  Manufacturing  technologies  as 
expected,  this  will  become  an  increasing  issue  as  the  volume  of  parts  to  be  disposed  of  will  increase. 

4.4  Product  Liability  &  IPR 

With  the  potential  for  the  consumer  to  be  involved  in  the  design  of  their  components  and  also  for 
them  to  be  able  to  make  them  -  or  any  other  component  that  they  download  from  the  internet  -  at 
home  on  their  own  Rapid  Manufacturing  machine,  there  are  major  implications  for  product  liability 
and  intellectual  property  that  need  to  be  addressed. 


5  Summary 

The  possibilities  offered  by  Rapid  Manufacturing  are  profound.  Suddenly,  designers  will  be  able  to 
manufacture  any  shape  that  they  come  up  with  and  will  no  longer  be  constrained  by  the  necessity  to 
produce  parts  in  moulds.  In  addition,  using  processes  such  as  the  laser  sintering  of  dissimilar 
powders,  RM  will  provide  designers  with  new  and  exotic  materials  not  available  to  other 
manufacturing  processes 

At  the  design  phase,  RM  allows  whatever  shape  is  desired  as  the  mould  process  will  no  longer  limit 
design.  This  means  objects  can  be  designed  with  re-entrant  features,  no  draft  angles,  unlimited  wall 
thickness  and  increased  complexity  with  none  of  the  limitations  imposed  by  either  the  moulding 
process  or  the  tool  making  process  -  as  neither  will  be  required. 

One  of  the  most  profound  implications  of  RM  on  design  will  be  that  without  the  cost  of  tooling  to 
amortise  into  the  parts  produced,  each  component  can  be  different,  potentially  allowing  for  true 
mass-customisation  of  each  and  every  product.  With  (fevelopments  in  web-enabled  software,  high 
levels  of  computer  literacy  and  Internet  connectivity  in  the  home,  the  technologies  are  not  far  from 
giving  the  consumer  the  ability  to  modify  the  design  of  the  product  they  desire  for  themselves. 
Although  some  way  off,  it  is  conceivable  that  the  consumer  may  -  for  a  price  -  want  to  influence  the 
design  of  their  new  sun- glasses,  mobile  phone  casing,  steering  wheel  grip,  surgical  instrument, 
prosthetic  part  or  favourite  kitchen  utensil,  etc,  and  then  send  the  data  back  to  the  manufacturer  to 
be  made  for  them. 

Rapid  Manufacturing  will  become  more  of  a  reality  when  the  properties  of  the  materials  that  are 
produced  become  more  acceptable  and  consistent.  This  materials  research  is  one  of  the  main 
stumbling  blocks  to  the  adoption  of  these  additive -manufacturing  techniques  for  end-use  parts  and  is 
the  subject  of  much  current  research. 
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In  addition,  the  potential  changes  in  product  design  and  the  ability  for  consumers  to  potentially  build 
parts  for  themselves  also  brings  legal  and  management  issues  such  as  product  liability,  CE  marking 
and  quality  concerns  such  as  IS09000-2000  conformance. 
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ABSTRACT 

Surface  characteristics  of  functional  parts  made  by  Solid  Freeform  Fabrication 
techniques  such  as  Selective  Laser  Sintering  (SLS),  Stereolitography  Apparatus  (SLA)  or 
other  fabrication  techniques  can  be  enhanced  by  the  application  of  multi-element  based 
laser  fused  coatings.  Environmental  protection  and  wear  resistance,  among  other 
properties  can  be  achieved  by  pre-depositing  a  slurry  over  the  surface  of  the  parts, 
followed  by  a  high-speed  scanning  with  a  high  power  laser  beam.  Wetting  of  the  part 
surface  by  the  molten  slurry  is  a  main  concern  in  this  coating  process.  Wetting 
characteristics  of  molten  slurry  can  be  improved  by  the  right  combination  of  coating 
constituents,  laser  processing  atmosphere,  and  laser  processing  parameters.  Coating 
quality  is  also  a  critical  issue  to  ensure  good  performance  of  the  coatings  especially  for 
environmental  protection.  This  paper  presents  results  obtained  for  carbon-carbon 
composites  coated  with  silicon-based  slurries  by  laser  fusion  process.  Criterion  in 
selecting  the  coating  constituents,  laser  process  conditions,  and  oxidation  test  results  are 
discussed. 


Introduction 


For  more  than  two  decades  laser  coatings  have  been  successfully  applied  over 
metal  substrates  by  several  known  techniques  such  as  cladding,  pre-deposited  powders, 
foils  or  rods  [1-3].  In  all  these  laser  processes,  a  bond  is  formed  between  the  metal 
substrate  and  the  coating  as  melting  of  the  former  facilitates  the  dilution  of  the  coating 
elements  into  the  substrate.  On  the  other  hand,  when  the  substrate  of  the  functional  part 
is  a  ceramic  material  that  decomposes  rather  than  melts  (e.g.  carbon-carbon  composite), 
coatings  with  good  bonding  characteristics  and  with  overall  wetting  of  the  substrate  are 
less  likely  to  be  obtained  during  laser  fusion.  Poor  interfacial  characteristics  in  laser  fused 
samples  can  be  attributed  to  lack  of  proper  fusion  temperature  and  inadequate  dwell  time 
as  well  as  the  presence  of  contaminants  such  as  oxygen  and  moisture  that  alter  the  surface 
tension  balance.  Moreover,  coating  thickness,  differences  in  coefficient  of  thermal 
expansion  (CTE)  between  the  coating  and  substrate  have  a  major  impact  on  the 
delamination  or  spalation  behavior  of  the  coatings  [4].  Surface  wetting  by  the  chemical 
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slurry  depends  on  the  solubility,  bonding  eompatibility,  chemical  reactivity  of  the 
substrate,  and  the  coating  constituents  [5].  The  degree  of  superheat  of  the  molten  slurry 
will  also  determine  the  viscosity  of  the  coating  as  well  as  the  reaction  kinetics.  The 
surface  roughness  of  the  samples  may  increase  the  interface  area  contributing  to  an 
increase  in  interfacial  strength.  However,  a  rough  surface  may  have  poor  integrity 
because  of  poor  wetting  and  sharp  grooves  [6].  Finally,  the  residence  time  of  the  molten 
slurry  over  the  substrate  will  in  turn  control  the  thickness  and  evenness  of  the  interface. 
Nonetheless,  recent  research  on  coating  of  ceramics  using  laser  chemical  decomposition 
and  laser  fusion  has  shown  promising  results  [9]. 

Coating  of  Carbon-Carbon  Composites 

The  surface  of  carbon-carbon  (C/C)  composite  functional  parts  used  in  space 
vehicles  (e.g.  rocket  nozzles  and  nose  cones)  requires  environmental  protection  especially 
during  atmosphere  reentry  maneuvers.  Oxidation  at  high  temperatures  is  deleterious  to 
the  performance  of  the  C/C  composites,  which  start  oxidizing  at  400  °C  in  air.  For  more 
than  30  years,  single  and  multi-layer  coating  techniques  have  been  investigated  to 
enhance  the  performance  of  C/C  composite  materials  at  high  temperatures.  Chemical 
vapor  deposition  (CVD)  is  widely  used  to  deposit  SiC  layers  over  C/C  composites; 
however,  this  is  a  slow  and  cumbersome  process  and  requires  operation  under  high 
vacuum  conditions.  Diffusion-based  processes  such  as  pack  cementation  or  fused  slurry 
techniques  are  also  being  used  to  form  oxidation  resistant  coatings.  However,  these 
processes  require  that  all  of  the  part  surface  must  be  coated  and  they  too  need  several 
hours  for  processing  [7,  8].  The  purpose  of  the  current  ongoing  research  program  is  to 
develop  a  laser  fusion  methodology  to  deposit  protective  coatings  to  improve  oxidation 
resistance  of  C/C  composites.  The  laser  fusion  coating  methodology  is  based  on  the 
principles  of  laser-induced  chemical  reduction  of  a  carefully  selected  mixture  of 
metals/elements  to  form  complex  phase  coatings  [9].  Metal  salts  can  be  reduced  to  their 
native  states  by  the  application  of  laser  irradiation.  For  example,  a  metal  salt  such  as 
nickel  formate  can  be  reduced  to  form  nickel  by  laser  energy.  The  elements  then  get 
fused  in  the  surface  layers  of  the  C/C  substrate.  Laser  fusion  coating  process  involves 
formation  of  a  ehemical  slurry  consisting  of  the  coating  constituents  and  the  deposition  of 
slurry  on  the  sample  surface,  followed  by  laser  processing.  In  this  paper,  the  effects  of 
coating  composition  and  laser  process  parameters  on  the  coating  quality  are  discussed. 

The  work  presented  here  is  a  continuation  of  the  investigation  on  laser  fusion 
coatings;  however,  now  it  incorporates  a  laser  beam  delivery  system  similar  to  that  used 
in  Selective  Laser  Sintering.  Galvanometer  driven  mirrors  are  used  to  raster  scan  the 
foeused  laser  beam  back  and  forth  at  speeds  up  to  5  times  faster  than  used  previously. 
Overlapping  between  scanned  tracks  of  almost  90%  is  used  to  provide  enough  residence 
time  so  that  a  high  temperature  can  be  sustained  to  allow  for  a  complete  reaction  between 
the  substrate  and  the  molten  elements.  Beeause  of  the  faster  scanning  rate  and  high 
percentage  of  overlapping,  the  heat  diffusion  time  is  longer  than  the  time  it  takes  for  the 
laser  beam  to  raster  scan  one  line.  Thus,  the  material  is  subjected  to  a  rectangular  heat 
source  rather  than  a  single  moving  spot.  Infrared  thermal  mapping  of  the  surface 
confirmed  observation  of  this  rectangular  heat  distribution,  which  favors  uniform  and 
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continuous  coatings.  The  process  is  carried  out  inside  a  sealed  chamber  under  rough 
vacuum  back-filled  with  an  inert-reducing  atmosphere. 


Experimental 


Samples  of  3D  C/C  composites  were  obtained  from  BF  Goodrich,  Santa  Fe 
Springs,  CA.  Coupons  were  machined  having  dimensions  of  28  mm  in  length,  12  mm  in 
width  and  3  mm  in  thickness.  Samples  were  cleaned  with  acetone  to  remove 
contaminants  from  the  surface  before  laser  processing.  Slurries  were  prepared  by  mixing 
finely  ground  powders  (mesh  -325)  with  isopropyl  alcohol  to  form  a  viscous  paste  that 
was  then  deposited  manually  over  the  surface  of  the  composite  by  means  of  a  spatula. 
After  the  slurry  had  dried,  the  samples  were  placed  inside  the  processing  chamber,  which 
was  evacuated  to  200-mTorr  vacuum  level,  and  then  back  filled  with  argon-4%  hydrogen. 


Figure  1  shows  a  schematic  of  the  laser  process.  A  high  power  CO2  laser  beam 
focused  down  to  0.35+/-0.05  mm  was  scanned  at  a  speed  (Vs)  up  to  10  m/min  using  a  scan 
density  of  1000  raster  lines/inch.  To  prevent  heat  accumulation  due  to  the  finite 
dimension  of  the  sample  and  keeping  a  constant  temperature  during  laser  processing  the 
laser  power  was  linearly  ramped  down  from  700  to  350  Watts.  The  traverse  velocity  (Vt) 
used  was  of  the  order  of  55-80  mm/min.  Figure  2  shows  a  thermal  image  of  the  area 
scanned  by  the  laser  beam  obtained  by  using  an  infrared  camera.  The  longer  axis  of  the 
rectangle  corresponds  to  the  width  of  the  composite  (i.e.,12  mm);  therefore  the  minor  axis 
measures  between  2-3  mm.  The  temperature  inside  the  rectangular  zone  is  relatively 
constant  during  the  entire  process.  The  temperature  generated  in  the  sample  must  be  high 
enough  to  melt  the  coating  elements  and  still  cause  some  degree  of  superheat  to  allow  for 
spreading  of  the  slurry  over  the  surface.  A  chemical  reaction  between  the  molten 
elements  and  the  surface  of  the  composite  is  expected  to  take  place;  however,  the  extent 
of  this  reaction  depends  on  the  laser  dwell  time. 


Figure  1.  Schematic  of  the  laser  fusion  coating 
process.  The  top  layer  is  the  coating  on  the 
composite  surface. 


Figure  2.  Infrared  thermal  image  of  raster  scanned  laser 
beam.  The  average  temperature  in  the  hot  zone  is  1160 
“C. 
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All  the  samples  were  examined  using  light  optical  and  scanning  electron  microscopy 
(SEM).  Light  and  electron  optic  techniques  were  used  to  characterize  the  microstructural 
features  of  the  surface  and  interfacial  regions.  Microchemical  analysis  of  the  coating  and 
coating/substrate  interface  region  was  conducted  by  using  the  electron  microprobe  and 
energy  dispersive  x-ray  analysis  (EDAX).  Oxidation  behavior  of  the  coated  and  uncoated 
samples  was  evaluated  by  heating  the  sample  at  1 000°C  in  a  tube  furnace  in  still  air.  The 
samples  were  removed  from  the  furnace  at  intervals  of  30  minutes,  followed  by  weighing 
until  the  failure  of  the  coated  sample. 


Results  and  Discussion 


Microstructural  Characterization 


Figure  3  shows  the  microstructure  of  the  as-received  sample  of  a  C/C  composite. 
It  is  observed  that  the  surface  is  inherently  rough,  providing  a  larger  interface  area  for 
mechanical  interlocking.  However,  surface  roughness  hinders  wetting  and  formation  of  a 
continuous  chemical  bond  due  to  the  presence  of  sharp  grooves.  Figure  4  shows  the 
microstructure  of  a  C/C  composite  surface  coated  with  a  pure  silicon  layer  by  means  of 
laser  fusion.  Complete  wetting  of  the  surface  with  pure  silicon  was  not  achieved,  most 
probably  due  to  the  presence  of  oxygen  resulting  in  the  formation  of  silica  (Si02)  layer. 
Presence  of  silica  layer  on  the  surface  also  alters  the  surface  tension  balance  and  favors 
solidification  with  higher  wetting  angles.  A  SiC  interfacial  layer  at  the  substrate  is  most 
likely  to  form  as  soon  as  the  molten  silicon  wets  the  surface.  The  thickness  and  extent  of 
this  interfacial  layer  will  be  a  function  of  the  laser  dwell  time  during  which  time  the 
silicon  remains  at  or  above  its  melting  temperature.  Longer  dwell  times  involve  slower 
scanning  speed  and  larger  beam  overlap.  However,  longer  dwell  times  will  lead  to  longer 
exposure  times  of  the  slurry  to  contaminants  that  hinder  the  wetting  of  the  composite 
surface.  This  suggests  that  an  optimum  dwell  time  exist  that  minimizes  the  wetting  angle 
caused  by  exposure  to  impurities  and  maximizes  the  reaction  layer  thickness  which  is 
controlled  by  atomic  diffusion. 

In  order  to  improve  wetting  of  the  C/C  composite  surface  by  silicon  the 
composition  of  the  chemical  slurry  was  changed  by  adding  10  wt.%  of  HfC.  HfC  is  a 
refractory  compound  that  melts  at  about  3900®C.  The  high  heat  capacity  of  this  carbide 
thermally  stabilizes  the  melting  front  and  helps  in  even  spreading  of  the  molten  slurry 
possibly  by  a  dragging  mechanism,  as  the  melt  region  is  stirred  by  Marangoni's  type  flow 
[1,2].  However,  as  seen  in  Figure  5,  several  long  cracks  can  be  seen  on  the  surface  most 
probably  due  to  its  high  CTE  relative  to  pure  silicon  and  carbon.  The  formation  of  a 
eutectic-like  pattern  can  be  observed  at  higher  magnification  in  Figure  6,  the  white 
microconstituents  corresponding  to  HfC.  This  morphology  may  lower  the  melting  point 
of  the  mixture  and  therefore  increase  the  level  of  superheating,  which  in  turn  reduces  the 
viscosity  of  the  molten  slurry  allowing  it  to  flow  with  less  difficulty. 
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Figure  3.  3D  C/C  “shoe-brake”  composite  rough  Figure  4.  SEM  image  of  Si  coating  indicating  signs 
surface,  lOOOx.  of  incomplete  wetting  of  the  surface,  5  Ox. 


Figure  5.  SEM  image  200x  of  Si-10wt.%HfC  Figure  6.  SEM  image  1500x  of  Si-10wt.%HfC 
coating  showing  signs  of  multiple  cracks.  coating  indicating  a  eutectic  like  morphology. 


Figure  7  shows  the  microstructure  of  the  primary  laser  fused  CTE  matching  coating 
layer  having  the  chemical  composition  of  Si-20SiC-5Ti-5Al  (all  wt  %.)  EDAX  analysis 
of  the  coating  indicated  the  presence  of  aluminum  and  titanium  silicates.  Some  cracks  are 
observed  on  the  surface  caused  by  the  CTE  mismatch  between  the  substrate  and  the 
coating.  However,  the  sample  showed  improved  wetting  characteristics  probably  due  to 
the  addition  of: 

(a)  Ti:  which  acts  as  an  oxygen  getter,  helps  to  reduce  the  contamination  by  oxygen 
and  thus  enhance  wetting 

(b)  Al:  which  lowers  the  melting  point  of  the  slurry  thereby  allowing  for  larger 
superheat  that  in  turn  lowers  the  viscosity  of  the  melted  slurry  and  enhanced 
wetting 

(c)  SiC:  operates  much  in  the  same  way  as  HfC  by  stabilizing  the  melt  front  due  to  its 
refractory  properties,  increasing  drag  on  the  melt  and  providing  a  dispersion  of 
embedded  particles  that  can  help  in  arresting  cracks. 

Figure  8  shows  the  surface  of  the  oxygen  diffusion  barrier  coating  -  consisting  of  Si- 15 
HfC-10Ir-5Ti  (wt.%).  Iridium  and  HfC  have  been  added  to  provide  protection  at 
temperatures  where  silicon  can  no  longer  provide  sufficient  oxidation  protection. 
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Titanium  was  added  to  reduce  oxygen  contamination.  However,  severe  cracking  took 
place  due  to  mismatch  of  the  CTE  between  the  diffusion  barrier  coating,  the  primary  CTE 
matching  layer  and  the  substrate.  It  is  possible  that  HfC  and  iridium  can  undergo  a  Lewis 
Acid-Base  type  exothermic  reaction  that  creates  a  much  more  intermetallic  compound 
which  could  lead  to  a  further  increase  in  the  CTE  mismatch  [10].  The  relative  thickness 
of  coatings  can  also  lead  to  the  formation  of  cracks.  To  mitigate  the  deleterious  effect  of 
the  numerous  cracks  seen  in  Figure  8,  a  third  coating  was  applied  on  the  sample.  This 
final  coatii^  step  consisted  of  dipping  the  sample  in  a  silica-based  sealant  agent 
(SILBOND™)  for  10  minutes  followed  by  drying  in  air  for  24  hours.  The  sealant  agent 
penetrated  the  cracks  easily  due  to  its  extremely  low  viscosity  and  formed  a  glassy  layer 
on  the  sample  surface. 


Figure  9  shows  a  cross-section  of  a  coated  C/C  sample  having  a  three-layer 
coating,  namely:  CTE  matching  layer  of  composition  Si-20SiC-5Ti-5Al  (wt  %.),  oxygen 
diffusion  barrier  layer  of  composition  Si-15HfC-10Ir-5Ti  (wt.%)  and  a  SILBOND™ 
layer.  The  coating  thickness  is  clearly  uneven,  ranging  from  5  to  20  pm.  Good 
mechanical  interlocking  is  observed.  However,  the  thickness  of  the  interfacial  layer  was 
not  measured. 


Figure  7.  SEM  image  of  Si-20SiC-5Ti-5 A1  (wt.%) 
CTE  matching  coating  laser  fused  at  700  W  and  55 
mm/min  over  C/C  composite  surface,  500x. 


Figure  8.  SEM  image  of  Si-15HfC-10Ir-5Ti  (wt.%) 


oxygen  diffusion  barrier  coating  laser  fused  at  560 
W  and  80  mm/min  over  previously  deposited  CTE 
matching  coating,  200x. 


Figure  9.  Scanning  electron  micrograph  showing  the  cross-sectional  view  of  the  three-layer  coating  laser 
processed  sample.  Infiltration  of  the  coating  material  into  the  voids  or  inter-fiber  space  is  shown  thereby 
providing  mechanical  interlocking  of  the  coating  to  the  substrate. 
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Oxidation  Testing 


Figure  10  shows  a  plot  of  the  weight  loss  data  for  the  coated  and  uncoated 
samples  as  functions  of  time  at  1000“C  in  still  air.  Coated  sample  consisted  of:  Si-20SiC- 
5Ti-5Al  (wt.%)  CTE  matching  layer,  Si-15HfC-10Ir-5Ti  (wt.%)  oxidation  diffusion 
barrier  layer  and  SILBOND™  layer.  After  1 .6  hours  of  exposure  the  coated  samples  lost 
57%  of  its  original  weight,  whereas  the  uncoated  sample  was  completely  oxidized.  Figure 
1 1  shows  a  plot  of  the  weight  loss  rate  per  unit  area  of  sample  surface  for  the  coated  and 
uncoated  samples.  These  data  points  were  obtained  by  computing  discrete  changes  in 
weight  loss  with  respect  to  time,  normalized  by  the  surface  area  of  each  sample.  The 
coated  sample  maintained  a  weight  loss  rate  of  -0.012  gr/cm^  for  almost  one  hour, 
whereas  for  the  uncoated  samples  it  corresponded  to  -0.022  gr/cm^,  indicating  a  two-fold 
increase  in  oxidation. 


Figure  10.  Weight  loss  data  for  coated  and  uncoated  samples  at  1000°C.  Coated  sample  consisted  of 
CTE  matching  layer  (Si-20SiC-5Ti-5Al  wt.%),  oxidation  diffusion  barrier  layer  (Si-15HfC-10Ir-5Ti 
wt.%)  and  SILBOND™  layer. 
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Figure  11.  Weight  loss  rate  versus  time  for  coated  and  uncoated  samples  at  1000  in  still  air. 
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Conclusions 


Laser  fusion  coating  of  functional  parts  can  be  achieved  by  means  of  high-speed 
raster  scanning  of  a  pre-deposited  slurry  with  a  high  power  CO2  laser  beam.  Unlike  in 
other  conventional  laser  processes,  the  experimental  procedure  used  in  the  laser  fusion 
process  uses  a  rectangular  energy  source  rather  than  a  single  beam.  This  allows  for  a 
uniform  fusion  temperature  during  the  process  thereby  resulting  in  a  more  uniform 
coating. 

High  scanning  speed  used  in  the  process  helps  in  overcoming  the  effect  of  surface 
tension  dragging  of  coating  regions  ahead  of  the  melt  front  and  lowers  the  exposure  time 
to  contamination.  Use  of  high  scanning  speeds  however,  reduces  the  dwell  time  necessary 
to  grow  a  complete  interface  layer. 

Under  rough  vacuum  conditions  an  addition  of  5  wt.%  titanium  powder  to  the 
coating  helped  reduce  oxygen  contamination.  The  study  also  indicated  that  addition  of  5 
wt.%  aluminum  to  the  coating  lowers  the  melting  point  resulting  in  larger  superheating 
that  in  turns  lowers  the  viscosity  of  the  melted  slurry  thereby  enhancing  wetting.  Addition 
of  Si  and  SiC  to  the  coating  composition  provides  oxidation  protection  to  the  C/C 
composite  at  temperatures  below  1500“C  due  to  the  formation  of  a  glassy  Si02  layer,  but 
at  higher  temperatures  this  coating  layer  delaminates.  HfC  and  iridium  are  inherently 
refractory  materials  that  provide  oxidation  protection  at  temperatures  above  1500°C. 
Addition  of  SiC  and  HfC  particles  to  the  coating  composition  also  seem  to  help  in 
lowering  the  wetting  angle  by  dragging  the  melt  more  uniformly  over  the  surface  of  the 
composite.  Applying  a  crack  sealant  coating  could  mitigate  severe  cracking  due  to  the 
mismatch  in  CTE  between  coating  layers  and  the  substrate.  The  study  indicates  a  two¬ 
fold  increase  in  the  oxidation  resistance  of  the  coated  C/C  composites  at  1000°C  in  still 
air.  Nonetheless,  a  crack  free  coating  remains  as  the  goal  left  to  achieve  by  this  laser 
fusion  technique. 
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